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Abstract: Species richness is the most basic concept of diversity and is crucial to biodiversity con- 11 

servation and sustainable fisheries. In order to understand the fish species richness of the Minjiang 12 

Estuary and its adjacent waters, eight documents and surveyed data were collected and compared 13 

from 1990-2021. In order to obtain suitable analysis data, the content of the data was compared and 14 

judged. Explore the suitability of data based on several criteria. Among them, the bottom trawling 15 

survey in 2006-2007 was selected, and non-parametric estimation methods such as Chao2, Jack- 16 

knife1, Jackknife2 and Boot-strap were used to estimate the fish species richness. Furthermore, the 17 

fish richness in different seasons and different cruises was analyzed and discussed. The results of 18 

this case show that a total of 153 species of fish were caught in the trawling survey in the fourth 19 

quarter, belonging to 14 orders, 57 families and 101 genera. Compared with the literature and data 20 

of other years, it is obvious that the 2006-2007 cruise is relatively more favorable and complete. It 21 

provides an excellent survey dataset for studying species richness. The Estimable expectations of 22 

fish species richness are: 248 (Chao2), 202 (Jackknief1), 239 (Jackknief2) and 172 (the Bootstrap). The 23 

fish species richness in Minjiang River estuary existed differences in different season. The number 24 

of fish species was significantly higher in summer and autumn than winter and spring. This mean- 25 

ingful information, especially the impact on endemic species and economically important species, 26 

provide decision-making basis for marine biodiversity conservation and fishery management.. 27 
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 29 

1. Introduction 30 

Biologists generally define the sum of genes, species and ecosystems in an area as 31 

biodiversity [1]. There are four types of biodiversity including taxonomic diversity [2], 32 

ecological diversity [3], morphological diversity (genetic diversity and molecular diver- 33 

sity) [4] and functional diversity [5]. In addition, biodiversity includes genetic diversity, 34 

species diversity, ecosystem diversity and landscape diversity [1]. A wide range of aquatic 35 

organisms has been reported, including bacteria and unicellular algae to microscopic 36 

crustaceans, benthic animals, zooplankton and fish [6]. Species diversity and species rich- 37 

ness have always been inseparable from the term “biodiversity” [7]. Therefore, it cannot 38 

be overemphasized that species are the constituent units and basic evolutionary units of 39 

ecosystems, and they are the important material basis of ecosystems. When studying a 40 

community, the first question is to know how many species the community consists of. 41 

Species diversity refers to the biodiversity at the species level, which is measured by the 42 

number and distribution characteristics of species in a certain space [8]. Species diversity 43 

mainly studies the status of species in a certain region from the perspectives of taxonomy, 44 
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systematics and biogeography [9]. The current status of species diversity, the formation, 45 

evolution and maintenance mechanism of species diversity are the main research contents 46 

of species diversity.  47 

The loss of species diversity and resource decline is one of the important research 48 

topics [10]. The total number of species in a community, or species richness, is the oldest 49 

and most fundamental concept of diversity. The exact number of species can be used to 50 

estimate the rate of species extinction, which is crucial for biodiversity conservation [11]. 51 

Species richness is a direct measure of species diversity [12]. It is the basic unit of biodi- 52 

versity research and the most commonly used measurement method in community ecol- 53 

ogy research [13]. To scientifically describe and understand the existing biological species 54 

and find out the number of biological species is the key and premise of biodiversity re- 55 

search. It has a decisive impact on the overall advancement of biodiversity research and 56 

the comprehensive reliability of research results [14]. At present, community species rich- 57 

ness estimation mainly focuses on plant communities [15-18].  58 

Fishes are the most abundant group of vertebrates. About 32,500 species have been 59 

discovered so far. It displays extensive genetic diversity and species richness. Fish are im- 60 

portant components of aquatic ecosystems and are particularly vulnerable to severe dis- 61 

turbances from environmental changes. Since the 1950s, the development and utilization 62 

of water resources by humans has greatly disturbed the natural processes of hydrology 63 

and the self-healing ability of organisms [19]. At the same time, global warming directly 64 

affects the reproductive cycle of living organisms, accelerating the rate of species extinc- 65 

tion [20]. Currently, the world is in the era of the sixth mass extinction [21]. 66 

In terms of fish species research, species richness mainly focuses on freshwater rivers 67 

and lakes [22-24]. Most efforts to estimate freshwater fish species richness emphasize the 68 

“stream reach” scale, typically a stream segment of several hundred meters or less, (for 69 

longer rivers, a sampling station with a length of several hundred meters is usually used 70 

to collect or evaluate the richness of freshwater fish) [25]. Unlike stream-reach scale sur- 71 

veys that encompass habitat diversity on spatial scales of pools, riffles, runs, and smaller, 72 

drainage basin or multiple drainage basin surveys must consider larger scale habitat het- 73 

erogeneity. When determining species richness, it is necessary to consider the impact of 74 

environmental heterogeneity on fish distribution [25]. 75 

Less research has been done on fauna, especially marine life. Because independent 76 

biological surveys in the ocean are costly, they are easily restricted by on-site conditions. 77 

In reality, a complete survey of marine life is impossible. The typical method is to survey 78 

by sampling, that is, to survey a small part of an area to represent a larger area [26]. Ac- 79 

curate estimates of fish species richness are important as a basis for evaluating the effec- 80 

tiveness of conservation and management programs. Since the number of species is al- 81 

ways underestimated by sampling, a variety of techniques have been used to estimate 82 

true species richness, including occupancy models and depletion methods [27-29]. The 83 

most commonly used technique is based on the species-area relationship (SAR), which 84 

describes the increase in the number of species that occurs as the sample area increases 85 

[29]. 86 

Estuaries are the intersection zone of fresh water and seawater. Influenced by many 87 

factors such as river fresh water erosion, ocean tides, waves and currents, the physical and 88 

chemical conditions are complex, and the environmental factors are changeable. Many 89 

characteristics such as large changes in water temperature and salinity, low water depth, 90 

high turbidity, diverse habitat types, and abundant food supply provide the necessary 91 

living space and suitable ecological conditions for the growth and reproduction of many 92 

fish [30]. It is one of the most productive biomes in the world and an ecosystem with 93 

enormous resource potential and environmental benefits [30]. Also, estuarine is the area 94 

with the most frequent human activities, which provides many important goods and ser- 95 

vices for human society [31]. In recent years, due to chaotic management, unreasonable 96 

development and utilization, estuary siltation and transfer to land, etc., the ecological 97 
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system has been seriously unbalanced and the ecological function has gradually declined 98 

[31].  99 

To manage fisheries resources and sustainability in the sea area of Fujian Province, 100 

biological information and population assessments are needed. This study aims to analyze 101 

the fish species richness in the waters of the Minjiang Estuary. In this study, eight docu- 102 

ments and surveyed data were collected and compared from 1990-2021 [32-39]. In order 103 

to obtain suitable analysis data, the content of the data was compared and judged. There- 104 

fore, this survey data during 2006-2007 were used to analyze the fish species richness in 105 

the Minjiang Estuary and adjacent waters. At the same time, some other survey and ob- 106 

servation data in this sea area over the years were also analyzed to explore the relationship 107 

between the seasonal variation trend of fish abundance and related factors. The results 108 

hope to provide ideas for species richness, suggestions on how to improve conservation 109 

practices, and references for formulating management policies and fishery resources pro- 110 

tection. 111 

2. Materials and Methods 112 

2.1. Research Design and Case Selection 113 

In order to understand the fish species richness in the sea area of Fujian Province and 114 

propose management strategies in the future, several research conditions were consid- 115 

ered. This includes important inshore fishing grounds, larger-scale surveys, appropriate 116 

analysis methods, etc. Therefore, the Minjiang River estuary was considered and selected 117 

as the study area. Some previous surveys and observations in this sea area are shown in 118 

Table 1. 119 

The Minjiang River is the largest river in Fujian Province, with the geographic co- 120 

ordinates of 118 ° 52 ′ - 119 ° 58 ′ E and 25 ° 17 ′ - 26 ° 34 ′ N, covering an area of 6131 km2. 121 

The Minjiang River estuary is a strong tidal delta estuary with mountain streams, and the 122 

annual average runoff to the sea is 620 × 108 m3. In addition to seasonal runoff, the estuary 123 

area is also affected by the coastal waters of Fujian and Zhejiang, the Taiwan warm cur- 124 

rent, and the Kuroshio current [40]. The Minjiang Estuary is rich in fishery resources and 125 

diverse, and the species diversity is also representative in the Gulf of China. It is an im- 126 

portant spawning ground for a variety of valuable economic species, as well as a tradi- 127 

tional sea area for fixed net and drift gill net operations [41].  128 

In order to obtain suitable analytical data, eight documents and survey data from 129 

1990-2021 were collected and compared [32-39]. Interpretation of the suitability of fish 130 

species richness according to some of the above criteria. The main criteria to be judged are 131 

the investment constraints of the survey, including survey time, cost effort, scope and 132 

completeness. We compared eight data documents (Table 1), and the number of survey 133 

sites in each cruise ranged from 11 to 16. In this study, the number of sites doesn't seem 134 

to make a big difference.  135 

In order to compare the surveyed range and area of investigation, we extracted 136 

Zhang's literature [38] (Figure 1.2, page 14). Different line labels in 1985: Fujian Provin- 137 

cial Fisheries Division Office [38] (green line); 2006-2007: Wang et al. [34] (purple line); 138 

2008: Xu [35,36] (blue line); 2015-2016: Feng et al. [37] (red line); Zhang's surveyed range 139 

and area [38] are the same as Feng et al. [37]. The sea area of surveyed in 2006-2007 is 140 

almost the largest. 141 

Among which, the Fujian Provincial Government conducted a large-scale survey 142 

during 2006-2007 in the Minjiang Estuary [34]. In terms of estimating fish species rich- 143 

ness, this data demonstrates the completeness and adequacy of the survey. According to 144 

Table 1, it can also be found that the total number of fish species in 2006-2007 is also the 145 

largest, except for the 67 species in the spring, which is lower than the 68 species in the 146 

spring of 2015-2016 [37]. The number of fish species found in other seasons is higher than 147 

that in other years. The number of fish species surveyed is higher. Apparently, the survey 148 
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data from 2006 to 2007 is the most comprehensive survey of fishery resources in the Min- 149 

jiang Estuary, which is particularly important and representative.  150 

Table 1. Number of fish species surveyed over the years in Minjiang Estuary and adjacent waters.  151 

Year No. of Site Spring Summer Autumn Winter Total Reference 

1990-1991 / 18 38 32 30 71 ECCSIR [32]1 

2006 12 52 79 70 49 129 Zhuang [33] 

2006-2007 12 67 97 84 64 153 Wang et al. [34] 

2008 12 36 57 / / 77 Xu [35,32] 

2015 14 68 79 51 50 136 Zhuang [36] 

2016 14 51 88 68 44 125 Feng et al. [37] 

2017 11 36 51 41 31 111 Zhang [38] 

2018 11 32 49 31 31 113 Zhang [38] 

2021 14-16 58 91 / / 104 Liu et al. [39] 
1 Editorial Committee of Comprehensive Survey of Island Resources in Fujian Province (ECCSIR). 152 

2.2. Survey Site and Sampling Method 153 

For a closer look at the cases selected for analysis, detailed sampling and surveyed 154 

sites settings are described below. A total of 12 sites had been set up in Minjiang Estuary 155 

and its adjacent sea areas (25 ° 42 ′ - 26 ° 27 ′ N, 119 ° 42 ′ - 120 ° 15 ′ E, about 3600km2) 156 

(Figure 1). The trawling surveys of fish species were carried out for 4 cruises respectively 157 

on 2-4 September (summer), 12-15 January (winter), 15-19 April (spring) and 19-24 Octo- 158 

ber (autumn) during the period of 2006-2007. 159 

During the survey, a single bottom trawler with a tonnage of 100t and a main engine 160 

power of 221kW was used. The fishing gear was a winged single bag trawl. Each net is 161 

towed for 1 hour, and the towing speed is about 3-4 kn. The survey water depth is 10-50m. 162 

At the same time, the surface salinity and water temperature were measured, and fishing 163 

data such as wind speed and weather were recorded. 164 

 165 

Figure 1. Bottom trawl sampling sites in the Minjiang Estuary and its adjacent waters. 166 
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2.3. Sample Collection and Processing 167 

Sample processing refers to the "Marine Survey Specifications". After the net is lifted, 168 

the catch is poured on the deck, and the sundries are picked out. When the total weight of 169 

the catch is less than 30-40 kg, all samples are taken, and when the total weight of the catch 170 

is greater than 40 kg, after picking out rare and large specimens, randomly collect about 171 

20 kg of samples. The samples were taken back to the laboratory for frozen storage, and 172 

the sub-sites identified, counted and weighed the samples. 173 

2.4. Non-parametric Estimation of Fish Species Richness 174 

In order to understand the species richness in a certain region, some methods can be 175 

used to estimate or extrapolate it [42]. There are many methods to estimate species rich- 176 

ness, such as species number, rarefaction diversity measurement, and various non-para- 177 

metric estimates [43-45]. These methods can be used to evaluate the integrity of the survey 178 

according to the species accumulation curves (SACs) [46] and how rare species are repre- 179 

sented in a sample [47], and by comparing the expected theoretical and observed values 180 

of species richness. Usually, the non-parametric estimators of species richness mainly in- 181 

clude Chao 1, Chao 2, ACE (an abundance-based covergae estimator), ICE (an incidence- 182 

based coverage estimator), Jackknife series and Bootstrap, and Michaelis-Menten Mean 183 

[47].  184 

In this paper, the following non-parametric estimators are used to analyze the status 185 

of fish species richness in the Minjiang Estuary. 186 

The Chao 2 estimator takes into account the number of rare species and uses the 187 

number of species that only appear in one or two samples： 188 

This is example 1 of an equation: 189 









+=

M

L
SC obs

2
hao

2

2 , (1) 

In formula (1), Sobs is the number of species appearing at the survey site. L is the num- 190 

ber of species that only appear in one site among all survey sites. M is the number of 191 

species that only appeared in two sites among all survey stations[43]. 192 

The Jackknife estimator aims to reduce the bias of the estimate. It can be divided into 193 

first-order and second-order and multi-order knife-cut method estimators, and first-order 194 

and second-order estimators are often used [48]. 195 

The first-order jackknife 1 estimator is a function of the rare species in the recorded 196 

community, and the starting value is: 197 

( )( )  nnrSSJ obs 1)( 11

1

n −+= , (2) 

In formula (2), r1(1) is the number of species that only appear at one site. n is the num- 198 

ber of investigation sites. 199 

The second-order jackkinife 2 estimator is a function of the number of species that 200 

only appear in one site and the number of species that only appear in two sites, and its 201 

estimator is: 202 
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In formula (3), r1(1) is the number of species that just appear in one site, and r1(2)  is 203 

the number of species that happen in two sites. In formula (4), r1i is the number of species 204 

that only appear in site i. In formula (5), r1ji is the number of species that only appear in 205 

sites i and j. 206 

The formula for the Bootstrap estimator is: 207 

( ) ( )
nS

j

jobs

obs

nYSSB 
=

•−+=
1

n 1 , (6) 

In formula (6), j•Y is the number of sites where type J appears. 208 

The various estimates of fish species richness were calculated using Excel software 209 

and Biodiversity Pro software.  210 

3. Results 211 

3.1. Composition of Fish Species Richness 212 

From the four surveys in the Minjiang Estuary area, 153 species of fish were found, 213 

belonging to 2 classes, 14 orders, 57 families and 101 genera (Table 2). Perciformes had the 214 

largest number of families, genera and species, while Orectolobiformes, Torpediniformes 215 

and Gadiformes had only one species. 216 

Table 2. Fish species composition in the Minjiang Estuary and its adjacent waters. 217 

Class Order Family Genus Species 

Chondrichthyes Orectolobiformes 1 1 1 

 Rajiformes 3 3 4 

 Myliobatiformes 2 2 6 

 Torpediniformes 1 1 1 

Actinopterygii Clupeiformes 2 8 16 

 Myctophiformes 2 3 4 

 Anguilliformes 5 6 6 

 Siluriformes 2 2 2 

 Gadiformes 1 1 1 

 Mugiliformes 2 4 7 

 Perciformes 29 61 81 

 Pleuronectiformes 3 4 14 

 Tetraodontiformes 2 3 7 

 Lophiiformes 2 2 3 

Total  57 101 153 

3.2. Changes in Fish Species Richness across Seasons 218 

The number of fish species in Minjiang Estuary and nearby waters in each season is 219 

shown in Table 3. Of the 153 species of fish caught, 97 occurred in summer, 64 in winter, 220 

67 in spring, and 84 in autumn. Accounted for 63.40%, 41.83%, 43.80% and 54.90% of the 221 

total respectively. Among them, 52 species appeared in only one season in a year, account- 222 

ing for 34.00% of the total number. The number of fish species is 14 appearing in two 223 

seasons, accounting for 9.15% of the total. There are 26 species of fish in the four seasons, 224 

accounting for 17.00%. Most of them are gobies and flatfishes with poor swimming ability. 225 

 226 

 227 

Table 3. Number of fish species surveyed at different seasons in Minjiang Estuary and adjacent 228 
waters.  229 
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Cruise Season Surveyed period Site no. Species no. Species no.1 Species no.2  

1 Summer 2006/09/02-09/04 12 97 23 6 

2 Winter 2007/01/12-01/15 12 64 12 7 

3 Spring 2007/04/15-04/19 12 67 4 6 

4 Autumn 2007/10/19-10/24 12 84 13 5 

Total   48 153 52 14 
1 Number of species that occur only once 230 
2 Number of species that occur only twice 231 

Table 4. Number of fish species surveyed at different sampling sites in Minjiang Estuary and adja- 232 
cent waters.  233 

Site Spring Summer Autumn Winter Total 

MJ1 17 30 21 25 54 

MJ2 13 32 28 8 49 

MJ3 17 41 34 23 63 

MJ4 30 20 25 17 65 

MJ5 30 20 17 15 51 

MJ6 20 22 22 24 60 

MJ7 16 26 28 16 54 

MJ8 14 27 25 21 54 

MJ9 18 17 25 29 48 

MJ10 15 33 32 15 68 

MJ11 18 22 27 22 54 

MJ12 16 29 24 25 62 

Total 67 97 84 64 153 

3.3. Non-Parameter Estimation of Fish Species Richness 234 

Fish richness estimated for the four seasons using four non-parametric methods is 235 

shown in Figure 2. Overall, the average fish richness of the four seasons calculated by the 236 

Chao 2 method is the highest, with 136 species. It was followed by Jackknief 2 and Jack- 237 

knief 1 with 127 and 108 species, respectively. The fewest is 91 as estimated by the Boot- 238 

strap method. The results estimated by these four methods are higher than the actual ob- 239 

served values. Among them, Chao 2 method estimated the largest number of species in 240 

autumn, with 161 species. The number of fish species estimated by the Bootstrap method 241 

is the least in winter, with 75 species. Among the four seasons, the fish richness estimated 242 

by Jackknief 2, Jackknief 1 and Bootstrap methods is the highest in summer. However, the 243 

fish richness estimated by the Chao 2 method is relatively the highest in autumn. This is 244 

because the ratio of the number of fish species with two sites in autumn to the number of 245 

fish species with one site is the smallest, which is 0.229. The values for spring, summer 246 

and winter are 0.259, 0.359 and 0.286, respectively. 247 
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 248 

Figure 2. Comparison of four seasons’ fish species richness estimated by non-parametric estimation 249 
model in the Minjiang Estuary and its adjacent waters. 250 

The number of fishes present at the 12 survey sites are shown in Table 4. Among 251 

them, site MJ 10 has the largest number of fish species, 68 species, and site MJ 9 has the 252 

least number of fish species, 48 species. There is a total of 5 sites with more than 60 species, 253 

namely site MJ 3, MJ 4, MJ 6, MJ 10 and MJ 12. The high number of fish species at these 254 

sites may be related to the surrounding environment. These 5 sites show that they are all 255 

in the outer waters of the Minjiang Estuary, not far from the island, and have relatively 256 

many rocks and reefs. 257 

In summer, Johnius belengerii, Polydactylus sextarius and Harpadon nehereus were the 258 

dominant species, and the occurrence rate of J. belengerii and P. sextarius were up to 100%. 259 

In addition, more than 20 fish species including Lagocephalus spadiceus, Apogon lineatus, 260 

Apogon quadrifasciatus and Lepturacanthus savala had a higher occurrence rate than 40%， 261 

which were common species in the Minjiang estuary in summer.  262 

In autumn, P. sextarius and H. nehereus were the dominant species, with 100% occur- 263 

rence rate. In addition, more than 17 fish species including L. spadiceus, Pampus argenteus 264 

and Eleutheronema rhadinum had a higher occurrence rate than 40%, which were common 265 

species in the Minjiang estuary in autumn. 266 

In winter, Collichthys lucidus, Coilia mystus, H. nehereus were the dominant species, 267 

and the occurrence rate of C. lucidus and C. mystus were up to 100%. In addition, more 268 

than 15 fish species including Arius sinensis, P. argenteus, Pseudosciaena polyactis and Chae- 269 

turichthys stigmatias had a higher occurrence rate than 40%, which were common species 270 

in the Minjiang estuary in winter.  271 

In spring, the C. lucidus and Parargyrops edita were the dominant species. In addition, 272 

more than 9 fish species including Trachurus japonicas, Thryssa vitrirostris and Thryssa 273 

kammalensis had a higher occurrence rate than 40%, which were common species in the 274 

Minjiang estuary in spring. 275 

The similarity of fish composition in the four seasons is low, indicating that the sea- 276 

sonal variation is large. 277 

The fish species richness was higher in summer and autumn than in winter and 278 

spring (Figure 2). This difference is related to the migratory characteristics of some fishes, 279 

such as: Siganus fuscescens, Gastrophysus spadiceus, and Fugu xanthopterus, etc. They will 280 

only appear in the Minjiang Estuary and its surrounding areas in summer and autumn. 281 

The seawater temperature is higher in summer and autumn, which is the spawning season 282 
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for most migratory fish. At this time, a large number of various migratory fish migrate 283 

from the deep sea to the estuary of the shallow sea to spawn. As a result, the fish species 284 

richness in the Minjiang Estuary in summer and autumn is much greater than that in win- 285 

ter and spring. It can be seen that there are differences in fish richness in different seasons 286 

in the Minjiang Estuary. 287 

The relationship between fish species richness and sea surface temperature is shown 288 

in Figure 3. The average sea surface temperature in this sea area varies greatly throughout 289 

the year. The sea surface temperature is the lowest in winter with an average of 12.9°C, 290 

and the highest in summer with an average of 29.8°C. The richness of fish species varies 291 

with the sea surface temperature in each season, showing a very obvious positive correla- 292 

tion (R2 = 0.9632). That is, the water temperature is higher in summer and autumn, and the 293 

richness of fish is also higher. In spring and winter, the water temperature is lower, and 294 

the fish species richness is also lower. 295 

 296 

Figure 3. The relationship between fish species richness and SST in the Minjiang Estuary and its 297 
adjacent waters. 298 

 299 
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Figure 4. The fish species richness estimated by four non-parametric estimation model in the Min- 300 
jiang Estuary and its adjacent waters 301 

Annual fish species richness was estimated by four non-parametric methods: 250 302 

(Chao 2), 204 (Jackknief 1), 241 (Jackknief 2) and 174 (Bootstrap) (Figure 4). These estimates 303 

were all greater than the actual number of species which was 153. The species numbers 304 

estimated by Chao 2 and Jackknief 2 were close, but higher than those estimated by the 305 

other two methods. The estimated value of Bootsrtap method is the lowest, and it is also 306 

the closest to the actual number of fish species. According to the average value of these 307 

four methods, the fish richness of the Minjiang Estuary and its adjacent waters can be 308 

estimated to be 217 species.  309 

3.4. The Relationship Between Fish Richness and Sampling Location 310 

In Figure 5, it can be concluded that there is a power exponential function relation- 311 

ship  between the fish species richness and the sampling sites (R2 = 0.9820). According to 312 

the four methods, the fish species richness is estimated to be 217 species with 24 measur- 313 

ing sites.  314 

 315 

Figure 5. The accumulation curve of fish species richness with the number of stations in the Minjiang 316 
Estuary. 317 

4. Discussion 318 

4.1 The Role of Non-parametric Estimates of Fish Species Richness 319 

Traditional curve fitting methods include negative exponential function, Weibull 320 

function, logistic function, and Michaelis-Menten function, using parametric curves to fit 321 

species accumulation or species area curves to predict their asymptotes [49,50]. Not based 322 

on any statistical sampling model is a problem with curve fitting methods. So, the variance 323 

of the resulting asymptotes cannot be assessed without assumptions. Furthermore, rigor- 324 

ous statistical comparisons of estimators between fish community cannot be performed 325 

[50]. The non-parametric method does not make any assumptions about the mathematical 326 

form of the underlying species abundance distribution, avoids the above disadvantages, 327 

and is more robust in application [50]. 328 
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Non-parametric estimation methods provide a good way to study the problem of 329 

species richness. Because the non-parametric estimation method does not require any as- 330 

sumptions about the distribution of species, it just uses computer algorithms instead of 331 

traditional mathematical methods to obtain the solution of the number of species [48]. In 332 

the case of a small number of sample squares, it shows its superiority over traditional 333 

statistical methods. They only need to consider the presence of species, not abundance 334 

data. At the same time, in the sampling survey, the mutual influence of species within the 335 

sample plot is not considered, and generally better results can be obtained [51]. Most non- 336 

parametric estimates of the number of undetected species are based on counts of detected 337 

rare species, especially singletons and doublets for abundance data, or unique and dupli- 338 

cates for occurrence data [50]. The disadvantage is that the number of species estimated 339 

will not exceed twice the number of species sampled. Therefore, good results can be ob- 340 

tained with these methods only if the number of sampled species is quite large, or if the 341 

number of sparse species is not too large compared to the total number of species [48].  342 

In the survey of the number of fish species in the Minjiang Estuary, sparse species 343 

accounted for 34% of the total, accounting for nearly one-third of the total. Moreover, the 344 

number of species sampled is not large enough, so the fish species richness estimated by 345 

the non-parametric estimation method is equal to the real fish species richness (the num- 346 

ber of fish species recorded in the history of the Minjiang Estuary and its adjacent waters 347 

is equal to 372 species [52]).  348 

4.2 Data representativeness and implications for fish species richness estimates 349 

In stark contrast to adjacent marine and freshwater ecosystems, knowledge of pat- 350 

terns and predictors of fish species richness in estuaries is poor. This is because surveys in 351 

estuaries are fragmented and often based on area-specific approaches, without standard- 352 

ization of sampling effects and mismatched spatial extents [53-55]. In general, the factors 353 

affecting fish species richness at the spatial scale are divided into two parts. Globally, fish 354 

species richness varies across marine biogeographic domains and increases with mean sea 355 

surface temperature, terrestrial net primary productivity, and stability of connectivity to 356 

open versus temporarily open estuaries. At the regional scale, fish species richness in- 357 

creases with estuary area and continental shelf width [56].  358 

Liu and Ma [57] pointed out that the most important factor affecting the fish species 359 

richness is the number of survey sites. On a larger spatial scale, the fish species richness 360 

increases with the increase of the surveyed water depth and area, which can generally be 361 

expressed as a species richness-area relationship. Pasqua et al. [58] mentioned that the 362 

main factors affecting the fish species richness of estuaries are latitude, area, width, runoff 363 

and intertidal zone size. Marin et al. [59] also described that one of the most important 364 

factors for predicting species richness is time-integrated area. Apparently, diversity and 365 

diversification rates can be estimated over large scales by looking at species time-inte- 366 

grated areas of area and energy over time [60]. The hypothesis of species–area relation- 367 

ships (SAR) assumes a change in species numbers with increasing area and has been 368 

termed one of the few laws in ecology [56]. 369 

The study of fish species richness in the ocean cannot set a sampling site at intervals 370 

of several hundred meters like in rivers. It can only be used to set several sampling sites 371 

in the research area according to the water depth or terrain characteristics, or to make 372 

predictions on a larger scale, such as an ocean or a global scale [61]. Estuaries, as the con- 373 

fluence of fresh water and sea water, are affected by factors such as river fresh water and 374 

ocean tides, waves, and ocean currents. The physical and chemical conditions are complex 375 

and the environmental factors are changeable. It exhibits large variations in water temper- 376 

ature, salinity, turbidity, and habitat types. The changeable characteristics provide the 377 

necessary ecological conditions and living space for the growth and reproduction of many 378 

fishes, and it is one of the highest-producing biological communities in the world [62]. 379 

Moreover, human activities in the estuary area are the most intensive, and the chaotic 380 

management and unreasonable development lead to drastic changes in the estuary 381 
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environment and imbalance of the ecological system. Coupled with overfishing, the fish 382 

in the estuary are facing serious threats, and many species have disappeared [63,64].  383 

According to Table 1, it can be found that the data of 2006-2007 including the number 384 

of stations, seasonal conditions and species numbers are very complete and suitable [38]. 385 

Since 2006-2007, we also found that in each survey, the total number of fish species col- 386 

lected showed a downward trend when the survey sites were not much different. Such 387 

trends may be related to anthropogenic fishing, environmental factors and the number of 388 

surveys. Therefore, the survey data from 2006 to 2007 is the most comprehensive survey 389 

of fishery resources in the Minjiang Estuary since the beginning of the 21st century, which 390 

is particularly important and representative.  391 

The 153 species of demersal fish collected this time are higher than the research re- 392 

sults of two quarters in 2008 and 2009 [35,36]. It is also higher than the results of four 393 

different surveys in the sea area from 2015 to 2019 [33,37-39]. The number of fish species 394 

that appeared in the sampling survey showed a relatively large gap with the number of 395 

fish species that appeared in previous studies. A total of 372 fish species have been rec- 396 

orded in the Minjiang Estuary and its adjacent waters [52]. However, only 153 species 397 

were found in this sampling survey.  398 

Regarding the estimation of Chao 2 estimator (Formula 1), Jackknife estimator (For- 399 

mula 2), second-order jackkinife 2 estimator (Formula 3) and Bootstrap estimator (For- 400 

mula 6), it is mainly based on the Sobs + adjust item. That is, the influence of fish species 401 

richness estimation is mainly on the main item Sobs. We observed Sobs from eight data doc- 402 

uments (Sobs = "Total" item in Table 1), which also shows that the more "Total" value, the 403 

higher fish species richness value. In this study, the maximum value of Sobs is 153 and the 404 

maximum estimate of Chao 2 estimator is 250. So that, the maximum value estimated by 405 

non-parametric estimation method is 250. Although the maximum value has been ob- 406 

tained, it is less than half of the historical record.  407 

The possible reasons are as follows: First, due to global warming, human activities, 408 

environmental pollution and other factors, certain fish species are not suitable for habitat 409 

in this area or even become extinct. Second, the systematic error caused by sampling sur- 410 

vey, so the systematic error caused by random factors seems to be unavoidable in sam- 411 

pling statistics. Third, it may be due to the limitation of the survey station or area that 412 

some fish cannot be collected. The survey used bottom trawling to collect samples. The 413 

fish collected basically lived in the bottom layer, while the middle- and upper-layer fish 414 

were not easy to collect. In addition, due to the selectivity of the survey nets, many fish 415 

cannot be caught with a single net. Some fast-swimming fish, small fish and rare species 416 

are difficult to catch.  417 

To sum up, estimates of fish species richness in estuary cannot be as high as in rivers. 418 

The environmental conditions and influencing factors of the estuary are more complex 419 

and changeable. Therefore, corresponding survey methods should be adopted according 420 

to the living habits of different fishes, and the sampling survey process should be im- 421 

proved. For example, arrange more sites, change quarterly sampling to monthly sampling, 422 

and expand the sampling area. At the same time, the site layout should consider different 423 

environmental factors such as water depth, water temperature, seabed topography, and 424 

latitude.  425 

4.3 Formulate a Strategy for the Protection of Regional Species 426 

The results of this study come from data that goes back almost 20 years. This is im- 427 

portant for developing strategies to protect local biodiversity. Apparently, the results of 428 

this study reveal the possibility of fish species disappearing. The threat of human activities 429 

to biological species resources is becoming more and more serious, and it is imperative to 430 

formulate corresponding regional biological species resources protection strategies [65]. 431 

The prerequisite condition is to clearly grasp and understand the change of species rich- 432 

ness in the research sea area. Therefore, follow-up sampling surveys must be carried out 433 

regularly, and the sampling survey area should be expanded as much as possible if 434 
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conditions permit. It should also consider the impact of land use changes, environmental 435 

pollution, major projects, etc. on marine biological species. Especially the impact on en- 436 

demic species and economically important species provides decision-making basis for 437 

marine biodiversity conservation planning. 438 

Governments assess the likely contribution of these approaches to conservation man- 439 

agement goals before devising improvements and need to be judged as having good po- 440 

tential to implement plans effectively and responsibly [66]. It is widely recognized that 441 

there is a need to reduce fishing effort and restore habitat to increase the resilience of bio- 442 

logical conservation [62,63]. At this juncture, the scientific basis for marine restocking, 443 

stock replenishment, and sea ranching continues to advance at a rapid pace. This is a very 444 

good time to implement relevant conservation policies for endangered species. Therefore, 445 

Wang et al. [67] have put forward suggestions for appropriately reducing fishing effort, 446 

including severely cracking down on illegal fishing activities, carrying out legal and eco- 447 

logical education, increasing inspections, and organizing professionals from relevant sci- 448 

entific research institutions to regularly carry out publicity and education on marine bio- 449 

logical resources and environmental protection. The above four directions are quite prac- 450 

tical and meaningful for improving the ecological awareness of protecting and conserving 451 

estuaries. 452 

5. Conclusions 453 

A total of 153 species of fish were identified in the four-quarter trawling survey, be- 454 

longing to 2 classes, 14 orders, 57 families and 101 genera. According to the number of 455 

fish species that appeared in the four cruise surveys, the estimated fish richness was: 250 456 

(Chao 2), 204 (Jackknief 1), 241 (Jackknief 2) and 174 (Bootstrap). There were differences 457 

in fish species richness in different seasons. The number of fish species in summer and 458 

autumn was significantly higher than that in winter and spring. The results of this study 459 

reveal the possibility of fish species disappearing. The environmental conditions and in- 460 

fluencing factors of estuaries were more complex and changeable. In the future, corre- 461 

sponding investigation methods should be adopted to improve according to the living 462 

habits of different fishes. In short, it is important to study fish richness, especially the im- 463 

pact on endemic species and economically important species, to provide decision-making 464 

basis for marine biodiversity conservation. 465 
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