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Estuaries are nutrient-rich environments with a gradient of fresh to salt water. They
support high primary productivity and an abundance of zooplankton. Estuaries are used
by many fish as nursery grounds because their environmental conditions provide
abundant food for larval and adult fish. Ichthyoplankton, which comprise fish eggs and
larvae, are important for the recruitment of fish species. At present, there are no
systematic reviews on ichthyoplankton in estuaries from a global perspective. Here,
research on ichthyoplankton over the last 60 years (1951-2022) was reviewed, focusing
on three aspects: evaluation of ichthyoplankton published studies, community structure,
and factors affecting community structure. The results show that research on estuarine
ichthyoplankton has increased, from less than 1 article per year in the 1950s to more than
30 articles per year in the 2020s. The keyword used most commonly was ‘community
structure’ and ‘dynamics’ and the word used most recently was ‘climate change’.
Regarding the geographical distribution of the studies carried out on estuarine
ichthyoplankton, USA had the most (32.9% of all studies), followed by Australia (8.1%),
South Africa (6.1%), Brazil (5.6%), Japan (5.1%), China (4.9%), Canada (4.8%), and
Portugal (4.8%). Salinity and turbidity were the main factors affecting the ichthyoplankton
community structure in estuaries. Climate change indirectly affected the community
structure of estuarine ichthyoplankton by changing the spawning time, spawning
location, and hatching time of species. The movement of spawning sites poleward and
the advance of spawning time showed a consistent trend. In addition, the development of
DNA barcoding techniques will be a useful supplement to traditional taxonomic methods
for identifying ichthyoplankton and will provide new opportunities for the development of
systematic taxonomy in this field. Our review contributes to a broader understanding of
estuarine ichthyoplankton and provides theoretical support for estuarine environmental
protection and the sustainable use of estuarine fishery resources.

Keywords: estuary, environmental factors, human activities, climate change, DNA barcoding, fish eggs, community
structure, larvae
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1 INTRODUCTION

Estuaries are the most productive and nutrient-rich ecosystems
on Earth. Many species complete part or all of their life history in
estuaries, and they are especially important foraging and
breeding habitats for many fish species (Sheaves et al., 2015;
Xian et al.,, 2016; Lefcheck et al., 2019). However, owing to their
unique geographical location, they have been subject to human
development for millennia (Limburg, 1999; Lotze, 2010). At
present, approximately 40% of the world’s population lives in
coastal areas (Barragan and de Andres, 2015). In some estuarine
areas, the populations of more than 90% of economically
important species, including fish, have been exhausted, and the
overall biomass is less than 50% of the historical abundance. The
main driving factors of this change are the overexploitation of
resources and the loss of habitat (Lotze et al., 2006). Therefore, to
improve decision-making for estuarine ecological management
and sustainable use of resources, more baseline information
is needed.

The ichthyoplankton stage (including fish eggs and larvae) is
important for the growth and development of estuarine
communities and can change quickly in response to
environmental variations (Shan et al., 2004). Although this stage
in the fish life history is short, it is the most vulnerable stage in the
whole development cycle (Shao et al., 2001; Jiang et al., 2006a).
The quantity and survival of ichthyoplankton reflects the biomass
and interannual dynamics of future fish stocks (Butler et al., 2003;
Song et al.,, 2019). It provides the basis for the recruitment of fish
stocks and the sustainable use of fishery resources (Chambers and
Trippel, 1997; Cao et al., 2007). Moreover, as a major predator and
important consumer of planktonic (especially zooplankton) of
secondary production (Monteiro et al, 2021), ichthyoplankton
play an important role in the energy transfer of estuarine
ecosystems (Wan and Sun, 2006). Ichthyoplankton are, thus, a
key link in the aquatic food web (Wan and Jiang, 2000).
Investigating and evaluating the ichthyoplankton community
not only lays a foundation for understanding the status of fish
stocks, determining spawning sites and spawning cycles, and
clarifying fishery management, but also helps to clarify the
energy flow and material circulation of estuarine ecosystems.

Owing to the limitations of previous scientific and
technological methods, early research reports on estuarine
ichthyoplankton were mainly descriptions of ecological habits,
species composition and distribution (Jones and Menon, 1951;
Chandra, 1962). After the 1970s, studies began to focus on the
life history and morphological functions (Hickling, 1970),
ecological habits (Blaber, 1997), species composition and
distribution characteristics (Able, 1978; Melvillesmith and
Baird, 1980) of estuarine ichthyoplankton. Since the 1980s,
factors affecting the distribution of ichthyoplankton have been
considered. For example, turbidity was found to be one of the
main factors affecting their distribution (Boehlert and Morgan,
1985). Salinity was also an important environmental factor
affecting the distribution of ichthyoplankton in estuaries
(Locke and Courtenay, 1995; Zhang et al., 2016). In addition,
the quantity and distribution of copepods, which are the main

food source for ichthyoplankton, played an important role (Islam
et al, 2006; Jiang et al, 2006). What’s more, the breeding
migration of offshore fishes was one of the important
recruitment sources for estuarine nursery areas (Schilling et al.,
2021). Therefore, the distribution of ichthyoplankton in estuaries
was jointly determined by a variety of environmental factors such
as temperature, salinity, dissolved oxygen, food, runoff and
climate (Xiao et al., 2013; Sloterdijk et al., 2017).

Human activities, such as overfishing, dam construction and
environmental pollution, are also important factors affecting
estuarine ichthyoplankton (Shan et al., 2004). Overfishing
reduces the adult stocks, which weakens the function of
estuarine nurseries (Yu et al., 2018). Dam construction changes
the amount of sediment—especially fine sediment—entering the
sea from the estuary, which leads to a decline in the self-
purification capacity of the estuary (Yang et al., 1992).
Environmental pollution, caused by the discharge of industrial
wastewater and domestic sewage (Guan et al., 1992), has changed
the nutritional structure of estuarine water bodies (Pombo et al.,
2002), thus destroying the spawning and breeding grounds of fish
(Yao, 1995). Recently, climate change has been shown to have a
subtle influence on the distribution of ichthyoplankton in
estuaries (Thaxton et al, 2020). For example, the increase in
the sea surface temperature has led to a northward movement of
spawning sites and an advance of the spawning period (Zhang Z.
et al., 2020). Therefore, exploring the impact of climate change
on changes in ichthyoplankton community structure in estuaries
has become a new research focus.

Although ichthyoplankton play an important ecological role,
identifying individual species is still difficult (Zhang et al., 2015).
At present, more than 36,058 fish species have been identified as
adults (Fricke et al., 2021), but only approximately 10% of these
can be identified as larvae and postlarvae, while less than 10% of
eggs can be identified to species (Shao et al., 2001). Owing to the
lack of specific features that can be used for morphological
classification, little research has been carried out on the
morphological classification of ichthyoplankton (Peterson and
Lietz, 2017). Generally, eggs from different species are
collectively referred to as ‘fish eggs’ in the investigation and
assessment of fishery resources, resulting in inaccuracies in
related work such as resource assessment, population dynamics
research and spawning site identification (Shao et al., 2001;
Zhang et al., 2015). Understanding how to identify
ichthyoplankton species efficiently and accurately is essential
for fishery-related research.

Scientific and technological progress has greatly improved the
accuracy of ichthyoplankton identification. For example, the
development of scanning electron microscope technology
allows researchers to observe the egg membrane structure of
fish eggs and identify species (Gao, 2015). In recent years, DNA
barcoding has become an effective method for fish identification
(Hebert et al., 2003). Tautz first proposed that DNA sequences
could be used for species identification or classification (Tautz
et al., 2002). Subsequently, studies have found that the
application of DNA barcoding can greatly improve the
accuracy of species identification (Pegg et al., 2006;
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Valdez-Moreno et al., 2010; Ko et al,, 2013; Zhou et al., 2017; Liu
et al,, 2021). The growth of various fish genetic sequences
collected by global shared gene databases, such as DNA Data
Bank of Japan, European Molecular Biology Laboratory and
GenBank, has provided a substantial number of comparable
adult fish homologous DNA sequences which can be used to
identify ichthyoplankton, and the accuracy of DNA barcoding
techniques in this field will continue to increase (Lin et al., 2018).
The simplicity and efficiency of DNA barcoding is helping its
growth as a new technique to study ichthyoplankton.

The aim of this review is to evaluate the status of research on
ichthyoplankton in estuarine ecosystems, explore changes in the
ichthyoplankton community structure and its influencing
factors. The research gaps and recommendations for future
research are also presented.

2 METHODS

A scientometric and systematic review was carried out using the
‘Web of Science’ ‘China National Knowledge Infrastructure’,
‘PubMed’, ‘Scopus’ and ‘Engineering Village’ databases. The
following terms were used to identify in the title or abstract or
keywords, refine and organize existing literature: (‘ichthyoplankton’
or ‘egg’ or ‘larva’ or ‘larvae’) and (‘fish’) and (‘estuary’ or ‘estuarine’
or ‘estuaries’). The detailed search conditions used in this study and
output results from each database are showed in Supplementary
Materials 1 (Table S1) and Supplementary Materials 2
respectively. Papers published up to April 2022 were considered,
while technical reports, academic theses, book chapters and

scientific events summaries were excluded (Figure 1). A total of
2, 314 articles were retrieved from the databases. After screening
and exclusion (reviews, technical reports, protocols, grey literature,
did not fit the objectives, letters or short communications and
duplicate articles), 836 articles were systematically analyzed
according to the following parameters: 1) year of publication; 2)
authors; 3) geographical location of the study (according to the
location of the corresponding author); 4) subject (according to
keywords); and 5) citations. The data concerning community
structure (i.e., ecological categorization, species composition,
temporal and spatial distribution), affecting factors (i.e.,
temperature, salinity, overfishing, pollution and climate changes)
were also summarized.

To understand the relationship between the countries and the
most influential researchers concerned with ichthyoplankton in
estuarine ecology, a cluster analysis among (i) the countries and
(ii) the most influential researchers in the study area were
performed using the VOSviewer software (version 1.6.15;
Centre for Science and Technology Studies, the Netherlands).
The inclusion criteria for this analysis were that the country
(occurrence) and author (citation) were recorded at least 5 time
and 50 times, respectively, among the analyzed studies. The
VOSviewer software generates a network whose visualization is
based on nodes and connections, with the diameter of each node
indicating the volume of (i) publications per country and (ii)
citations of the referred author, while the distance between two
nodes indicates the approximate intensity of the relationship
between them (the stronger the relationship, the shorter the
connection distance). Clusters are grouped by different colors
(van Eck et al,, 2014).
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FIGURE 1 | Systematic review methodology used in this study.
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3 EVALUATION OF ICHTHYOPLANKTON
IN ESTUARINE ECOSYSTEMS

3.1 Historical Overview

Figure 2 represents the absolute and cumulative number of papers
published until April 2022. The number of papers on estuarine
ichthyoplankton increased year by year, especially after 1990s. The
earliest full text in the database appeared in 1951 and it described and
illustrated the larval development of the Indian shad until it became a
juvenile (Jones and Menon, 1951). Figure 3 represents the clustering
relationship between keywords (appearing more than 10 times).
The diameter of the node indicates the volume of publications, and
the connections indicate the intensity of the relationship between the
countries. Colors represent the time when keywords appeared. The
keyword used most was ‘community structure’ and ‘dynamics’
(the largest node diameter), and the keyword used latest was
‘climate change’ (the lightest color), mainly because the impact of
climate change on estuarine ichthyoplankton is a long-term process
(Zhang Z. et al., 2020). The cluster analysis with the greatest centrality
among the researchers in this study area can be seen in Figure 4. The
most cited authors (largest node diameter) among all the studies
examined were A.K. Whitfield (n = 341; 10.94%), followed by S.J.M.
Blaber (n = 162; 5.20%), KW. Able (n = 143; 4.59%) and N.A.
Strydom (n = 142; 4.56%).

3.2 Geographical Overview
Regarding the geographical distribution of all studies carried out on
estuarine ichthyoplankton, USA stands out (32.9% of the studies),

followed by Australia (8.1%), South Africa (6.1%), Brazil (5.6%), Japan
(5.1%), China (4.9%), Canada (4.8%), and Portugal (4.8%) (Figure 5).
Another 66 countries have articles published on the topic; however, 23
countries (34%) presented only one publication. The cluster analysis
performed with these data showed a strong relationship among USA,
Australia and Brazil, for which the nodes were more expansive and
had stronger connectivity (Figure 6). Interestingly, among the 26
countries with more than five publications evaluating estuarine
ichthyoplankton, 18 countries (69%) were classified as developed
countries, suggesting a lack of investment in education, science and
technology in developing countries worldwide. Figure 7 represents
the research status of ichthyoplankton in estuaries around the world
and systematically classifies the reports from countries with more than
30 articles (i.e., the top 10 countries with the largest number of articles).
The results show that among these 10 countries, the research focus is
on the impact of environmental factors on the community structure of
estuarine ichthyoplankton, especially in China, France, Brazil and
Portugal (accounting for more than 60% of the total number of articles
published in the top 10 countries). At present, there are few studies on
the impact of climate change on community structure, and the
application of DNA barcoding for the identification of
ichthyoplankton has not been popularized.

4 STUDIES ON THE COMMUNITY STRUCTURE
OF ESTUARINE ICHTHYOPLANKTON

Community structure is one of the important studies on the
estuarine ichthyoplankton. In this study, the ecological
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FIGURE 3 | Cluster analysis showing the most important estuarine ichthyoplankton related keywords used in research papers a minimum of 10 times. The diameter
of the node indicates the volume of occurrences and the connections indicate the intensity of the relationship between the keywords.

categorization, species composition, temporal and spatial
distribution of ichthyoplankton and the application of
emerging identification methods (DNA barcoding) were
classified under the broad topic of community structure. 480 of
total 836 literature results were reported on community
structure, including 20 on ecological categorization, 159 on
species composition, 266 on temporal and spatial distribution,
and 37 on application of DNA barcoding (Table 1).

4.1 The Ecological Categorization of
Estuarine Ichthyoplankton

There are many biological classifications of estuarine ichthyoplankton
communities in many different types of estuaries. Generally,
communities can be divided into different ecological or functional
groups according to different characteristics such as spawning habits,
temperature and salinity tolerance, migratory habits and spatial
distribution (Xian et al., 2016). For example, Yang et al. (1990) and
Luo (1994) divided the ichthyoplankton in the Yangtze Estuary into
four ecological categories according to the ecological habits and
distribution characteristics of larvae and juvenile stages. These
categories are generally recognized by other Chinese researchers
(Liu et al,, 2008; Zhang et al.,, 2015). Potter et al. (1990) and
Whitfield (1989) classified ichthyoplankton into five types
according to their habits and the relationship between spawning
area of estuarine fish and estuaries, respectively. Islam and Tanaka
(20006) classified the ichthyoplankton of the Chikugo estuary in Japan

into four groups according to different types of salinity adaptation.
Wang et al. (2020) classified the ichthyoplankton of Shijiu Port
(China) into warm-temperature and cold-temperature species
according to the parental thermophily and into demersal fish and
pelagic fish according to space distribution characteristics. The first
two classification methods are the most commonly used, and they
both have similar classification criteria and high similarity of
classification results (Table S2 in Supplementary Materials 1).
However, there is no international common classification standard
on the ecological categorization of estuarine ichthyoplankton.
Therefore, there is a need to integrate an understanding of
community structure in terms of ecological categorization to
provide more comprehensive information.

4.2 Species Composition of

Estuarine Ichthyoplankton

As estuaries are the sites where rivers enter the ocean and they
reflect land-sea interactions (Zhuang, 2006), they are rich in
nutrients and food sources, which provide suitable conditions
for the breeding of fish (Huang et al., 2017). Thus, the species and
number of ichthyoplankton living in an estuary are determined by
the environmental characteristics and material sources (Shan et al.,
2004). The specific ichthyoplankton communities formed in
estuaries differ from other marine areas owing to the interaction
of freshwater runoff and tidal currents (Whitfield, 1994). A
common characteristic of ichthyoplankton communities in

Frontiers in Marine Science | www.frontiersin.org 5

May 2022 | Volume 9 | Article 794433


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Zhang et al.

Estuarine Ichthyoplankton Studies — A Review

Kingsford, MJ Leis, JM
Hettler, WF
Gougpet BecKley, LE
Hariis, SA
Weinstein, MP
Forward, RB Cowen, RK
Purcell, JE Hunter, JR N ll )
Jenkins, GP Clafige, KR
Breitburg, DL HOUQSI ED Whiw, AK
Able, KW
Boehlert, GW
Mcdowall, RM Fortier, L i legt
' Stryt‘n, NA
Campana, SE Cushige, DH ! Cyrus) DP
Zar, JH
Potter, IC
Kimmerer, WJ w
Tzeng, WN Blat‘SJM

Secar, tif |

ec@lH North, EW 2
| Rards, S
BeckgMW Elligtt, M
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number of citations by each scientist and the connections indicate the intensity of collaboration between researchers.

estuaries is a mix of rare and highly abundant species (Gaughan
et al.,, 1990; Harrison and Whitfield, 1990; Pfirrmann et al., 2021).
Many studies have shown that ichthyoplankton communities in
warm water estuaries are dominated by Gobiidae, which live in
estuaries, and Clupeidae and Engraulidae, which lay eggs
seasonally in estuaries (Talbot and Able, 1984; Drake and Arias,
1991; Monteleone, 1992; Harris and Cyrus, 2000; Strydom et al.,
2003; Bonecker et al., 2019; Zhang et al,, 2019; Amezcua et al.,
2020; Chermabhini et al., 2021).

The species composition of ichthyoplankton communities
varies according to the environmental conditions of each estuary
(Shan et al., 2004). The Yangtze Estuary has the most
comprehensively studied ichthyoplankton communities in China
(Zhang et al., 2015). Since the 1980s, abundant work has been done
on the community structure of ichthyoplankton in this area. By
comparing the research results from the 1980s with more recent
work, it is clear that the quantity of existing ichthyoplankton species
has declined sharply in the Yangtze Estuary. Although Engraulidae
is still the dominant species in this region, some other species, such
as Sciaenidae, have begun to increase in the past decade (Table 2).
These surveys show that the species composition and community
structure of ichthyoplankton in the Yangtze Estuary have changed
remarkably, mainly through the reduction in species numbers and

the replacement of dominant species (see examples in Table 2).
However, there are relatively few research reports on
ichthyoplankton in other estuaries in China, except in the Jiujiang
Estuary (Jiang and Chen, 1993), Taiwan (Tzeng and Wang, 1993),
Laizhou Bay (Song et al., 2010), the Pearl River Estuary (Xiao et al,,
2013) and the Yellow River Estuary (Bian et al., 2010; Song et al,
2019). Therefore, more attention should be paid to the study of these
estuaries in the future, to understand the community structure of
their ichthyoplankton.

The dominance of the estuarine ichthyoplankton assemblages
by members of the Engraulidae, Clupeidae and Gobiidae can be
attributed to these taxa spawning in estuaries and being represented
mainly by preflexion and flexion larvae that are easily sampled by
plankton nets. Many marine taxa that recruit into estuaries as early
juveniles are seldom sampled because they tend to be able to avoid
most plankton nets. So, the ichthyoplankton community structure
as recorded by plankton nets is biased towards those species that are
represented in estuaries by early larval stages (Table 3). Moreover,
the species composition and abundance in two regions with similar
environmental conditions and geographical locations is also similar
(de Morais and de Morais, 1994; Korsman etal., 2017). For example,
a report compared the composition of several estuarine areas in
southwestern Australia and southeastern Africa, which were at
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FIGURE 5 | Number of papers per country evaluating estuarine ichthyoplankton, from 1951 to 2022, with at least five occurrences.

similar latitudes (lower than 30°S) and flowed into the Indian
Ocean, and found that Clupeidae, Mugilidae, Atherinidae and
Gobiidae were important families in these areas (Potter et al,
1990). Similarly, a study comparing the composition of
ichthyoplankton in seven permanently open estuaries and five
temporarily open estuaries along the coastline of the Eastern
Cape of South Africa found that the majority of ichthyoplankton
appearing in the two types of estuaries were Clupeidae and Gobiidae
(Strydom et al., 2003). New research has confirmed this conclusion
(Korsman et al.,, 2017; Pfirrmann et al., 2021). However, other
studies have reported different results. The species richness in the
mangrove estuaries of the Western Indo-Pacific was higher than
that of tropical Atlantic mangrove estuaries (Robertson and Alongi,
1992). The diversity of larvae in the Sine-Saloum Delta (Senegal)
was lower than that of other tropical estuaries (Sloterdijk et al.,
2017). This may be caused by large differences between one or more
environmental conditions such as temperature, salinity or climate
change. Therefore, the ichthyoplankton community structure
presents particular distribution characteristics because of the
differing adaptability of ichthyoplankton to diverse types
of estuaries.

4.3 Temporal and Spatial Distribution of
Ichthyoplankton in Estuaries

Estuarine areas have complex and variable physical, chemical
and hydrological conditions, with environmental factors that

change dramatically in time and space (Harris and Cyrus, 1995;
Hettler and Hare, 1998). The estuarine ichthyoplankton
communities also change in time and space in line with
different fish reproductive seasons and environmental factors
(Harris et al., 2001; Ren et al., 2021).

There are notable seasonal variations in the composition,
abundance and spatial distribution of ichthyoplankton
communities (Harris et al., 1999). Generally, the abundance of
estuarine ichthyoplankton reaches its peak in spring or summer
(Kindong et al., 2020; Monteiro et al., 2021), because these are
the reproductive seasons for most fish (Sabates et al., 2007; Primo
et al,, 2012; Korsman et al., 2017). For example, in the Yangtze
Estuary, fish eggs, larvae and juveniles appeared throughout the
year, but mainly in spring and summer (Liu and Xian, 2010;
Jiang et al., 2013). The number of fish eggs was highest in spring,
while the number of larvae and juveniles was relatively small; in
summer, the number of fish eggs decreased, while larvae and
juveniles increased. The species composition of eggs, larvae and
juveniles in different seasons was also notably different (Xian and
Luo, 2015; Zhang et al., 2019). Seasonal variation and changes in
the quantity of ichthyoplankton species in the Yangtze River
were all restricted by changes in hydrological factors, such as
runoff and interactions among the Yangtze River, the Yellow Sea
cold water mass and the Taiwan warm current (Yang et al,
1990). In addition, the seasonal rhythm of variations in
ichthyoplankton was also an adaptation in the distribution of
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FIGURE 6 | Cluster analysis of the countries with studies (more than 5 literatures) evaluating estuarine ichthyoplankton. The diameter of the node indicates the
volume of publications and the connections indicate the intensity of the relationship between the countries.
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FIGURE 7 | The research status of ichthyoplankton in estuaries around the world and systematically classifies the reports of countries with more than 30 articles (i.e.
the top 10 countries with the largest number of articles).
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TABLE 1 | Number of relevant literatures on different topics.

Topics Minor topics Numbers

Community structure Ecological categorization 20
Species composition 159
Temporal and spatial distribution 266
DNA barcoding 37

Effect factors

a. Natural factors Temperature or salinity 310
Turbidity 56
Hydrodynamic 177
Food 128
Predator 53
Climate change 30

b. Anthropogenic factors Construction of dams 6
Overfishing 13
Pollution 47

dominant species in time to avoid intense competition and make
full use of food resources (Shan et al., 2004). The seasonal
distribution of ichthyoplankton was also closely related to
environmental factors such as temperature, salinity, depth,
chlorophyll a and freshwater input (Wang et al., 2017; Gao
et al., 2018).

The spatial distribution of ichthyoplankton is often
characterized by the heterogeneity of the horizontal
distribution and vertical stratification. This is related to the
ecological habits and physiological changes (such as species
and development period) of larvae and juveniles, as well as to
changes in the external environment (such as prey, light, runoft
and tides) (Yang et al., 2006). The difference in horizontal
distribution is related to variations in the species and
abundance in different regions, as well as to the ecological
categorization of species in different regions (Zhang et al,
2016). For example, most of the ichthyoplankton in the
Yangtze Estuary in spring belong to the brackish water type,
which mainly propagated in the lower Yangtze River channel

and the marine area near the estuary with water temperatures of
12.0-22.0°C and salinity of 0.1-12.0 (Yang et al., 1990). In
autumn, the ichthyoplankton in the Yangtze Estuary are
mainly coastal species, followed by brackish water and inshore
species; freshwater ichthyoplankton are the least common (Ding
and Xian, 2011). In addition, the ichthyoplankton in the lower
estuary mostly belong to marine spawning fish, while those in the
upper estuary belong to estuarine spawning fish (Neira and
Potter, 1992).

The number of ichthyoplankton species in the estuarine area
decreases substantially from the downstream to the upstream.
For example, it was found that the monthly average number of
species in the lower reaches of the Swan Estuary in Southwestern
Australia was far higher than that in the upper reaches of the
estuary (Neira and Potter, 1992). However, this distribution
pattern is not universal. For example, the highest abundance of
ichthyoplankton was found in the upper Lima Estuary (Portugal)
(Ramos et al., 2006). Similarly, in the Caeté Estuary (Brazil), the
peak density of larvae and juveniles occurred in the upper estuary
in the dry season, and the peak number of species occurred in the
upper estuary between the dry and wet seasons (Barleta-Bergan
et al.,, 2002). The results in the Jiulong River Estuary (China)
showed that the highest number of fish eggs was in the upper
estuary, and the highest number of species was in the lower
estuary. The larvae and juveniles with the highest number and
the greatest diversity of species were relatively concentrated in
the middle of the estuary (Jiang and Chen, 1993). Therefore, the
horizontal distribution pattern of ichthyoplankton in estuaries is
related to both salinity and runoff (Sanvicente-Anorve et al.,
2000; Costa et al., 2016).

The difference in the vertical distribution is not only related to
the ecological preferences of different species but also to the
water structure and fluctuation; for example, the herring family
generally live in the upper and middle layer of the estuary, while
Gobiidae inhabit the bottom of estuarine and coastal waters
(Muhling et al., 2007). In addition to examining the vertical

TABLE 2 | Species composition and dominant species of ichthyoplankton in different periods in the Yangtze estuary.

Survey time Results Dominant References
1985-1986 53 families, 82 genera, 94 Engraulidae Yang et al.,
species 1990
2002 9 orders, 15 families, 19 genera,  Engraulidae Zhu et al.,
20 species 2002
2000-2003 10 orders, 30 families, 45 Engraulidae, Synodontidae and Sciaenidae Jiang et al.,
species 2006
1999 and 2001 11 orders, 18 families, 32 Coilia mystus, Engraulis japonicus, Chaeturichthys hexanema, Allanetta Liu et al., 2008
species bleekeri, and Trachidermis fasciatus
2007 12 orders, 28 families, 45 Engraulidae Liu and Xian,
species 2010
1998, 2000, 2002, 2003, 2004, 10 orders, 19 families, 33 Engraulidae, Gobiidae and Salangidae Zhang et al.,
2007 and 2009 species 2016
2006-2007 16 orders, 48 families Engraulis japonicas, Coilia mystus, and Benthosema pterotum Wang et al.,
2017
2012 5 orders, 9 families, 15 species  Engraulis japonicus Zhang et al.,
2019
2012-2014 18 family, 38 species Sciaenidae Kindong et al.,
2020
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TABLE 3 | Species composition and dominant species of ichthyoplankton in different periods and regions.

Survey Study areas Results Dominant References
time
1973- St. Lawrence estuary, Canada 14 families, 25 species  Osmerids, Gadids, Cottids, Cyclopterids, and Pleuronectids Able, 1978
1975
1983 the Hillsborough, USA and St. Lawrence 14 families, 22 species Limanda ferruginea, Alosa pseudoharengus, Scomber scombrus ~ Powles et al., 1984
estuaries, Canada and Autogolabrus adspersus
1992 the Miramichi estuary, Canada 14 families, 20 species Osmerus mordax, Alosa pseudoharengus and Alosa aestivalis Locke and
(or genus) Courtenay, 1995
1995 St Lucia estuary, South Africa 44 families, 85 species  Gobiidae and the Clupeidae Harris and Cyrus,
1995
2016 the estuary of North Inlet-Winyah Bay, 59 species Gobiidae Pfirrmann et al.,
USA 2021
1990s The Presidio River estuary, USA none Engraulidae and Clupeidae Amezcua et al.,
2020
2002 The Caeté estuary, northern Brazil 28 families, 63 genera  Anchovia clupeoides (Sciaenidae) and Stelifer microps Barleta-Bergan
(Engraulidae) et al., 2002
2004 The La Plata estuary, South America none Sciaenidae, Clupeidae, Engraulidae, Cynoglossidae and Berasategui et al.,
Decapteridae 2004
2012 Guayaquil Bay, South America 3 families, 36 species Engraulidae Calderon-Peralta
et al., 2020
2006 The Lima estuary, Portugal 20 families, 50 genera  Gobiidae and herring Ramos et al., 2006
2018 The Mahury estuary, France 13 families, 67 species  Engraulidae, Gobiidae, Chancellidae and Sciaenidae Rousseau et al.,
2018
2003- The northern Persian Gulf estuary, India 30 families Clupeidae, Gobiidae and Sillago Chermahini et al.,
2004 2021

distribution of the ichthyoplankton community in estuaries,
studies are currently focusing on individual activities such as
the depth trend of some species and their diurnal periodic
vertical movement. For example, the larvae of Anchoa mitchilli
and Gobiosoma bosc in the Hudson estuary (America) showed
periodic vertical movement behavior over the day and night
(Schultz et al., 2003). The vertical migration of larvae and
juveniles may be used to avoid cold and low-salinity surface
water (Ramos et al., 2006). In addition, vertical migration could
help the larvae and juveniles use the two-layer circulation to
maintain a dynamic balance and avoid being washed out of the
estuary (Weinstein et al., 1980).

4.4 Application of DNA Barcoding in
Estuarine Ichthyoplankton Identification
DNA barcoding is an effective method for species identification
based on molecular biology techniques. It identifies species
through differences in the sequence of standardized short gene
fragments (Chu et al., 2019). Identification is possible if, first, the
fragment is conservative enough to be amplified in a wide range
with universal primers, and second, the fragment has enough
variation to distinguish the DNA sequences of different species
(Hebert et al., 2003). Compared with the traditional
morphological classification methods, the biggest advantage of
the DNA barcoding technique is that it can accurately identify
individuals at different development stages, as well as species
with high morphological similarity and individuals that are
difficult to distinguish owing to the lack of morphological
classification data (Liu et al., 2021). The application of this
technique to the identification of ichthyoplankton can solve
many problems that cannot be solved by traditional
morphological classification methods. For example, Bian et al.

used cytochrome oxidase subunit I sequence to identify fish eggs
collected from seaweed in the Yellow Sea area, and determined
that they were Hyporhamphus sajori, rather than Strongylura
anastomella, which has a similar egg morphology, spawning time
and geographical distribution (Bian et al., 2007).

However, DNA barcoding is not applicable for the
identification of all fish. Some fishes, such as Epinephelinae
and Sillago, are prone to hybridization (Lin et al., 2014).
Therefore, it is difficult to identify them only from the
cytochrome oxidase subunit I sequence, and joint labeling with
other genes is required. In addition, because the databases are
incomplete, some fish records have only 16S and 12S fragments,
and the cytochrome oxidase subunit I gene cannot be identified
to the species level (Li et al, 2017). For some related species,
DNA barcoding needs to be combined with morphology,
geography and molecular genetics to identify them accurately.
A combination of traditional morphological identification and
DNA barcoding can improve the accuracy and efficiency of
ichthyoplankton species identification (Zhang G et al., 2020;
Liu et al., 2021).

In summary, the development of DNA barcoding techniques
will become a powerful supplement to the traditional taxonomy of
ichthyoplankton and provide new opportunities for the
development of systematic taxonomy in this field. The application
of DNA barcoding techniques in ichthyoplankton can address the
limitations of traditional morphological classification. Because DNA
barcoding is a digital format, the sample identification process can
be automated and standardized, reducing the need for expert input
and establishing an easy-to-use database in a short time. Both
taxonomists and non-professionals will be able to find species
information on ichthyoplankton rapidly through the international
database and identify potential hidden species or new species. The
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development of DNA barcoding techniques will greatly alleviate the
limitations of ichthyoplankton morphological identification and the
shrinking number of traditional taxonomists.

5 FACTORS INFLUENCING
ICHTHYOPLANKTON COMMUNITY
STRUCTURE IN ESTUARIES

The factors affecting the community structure of estuarine
ichthyoplankton have been one of the most important
concerns of researchers. In this study, we artificially divided
the influencing factors into natural and anthropogenic factors.
Natural factors include temperature, salinity, turbidity,
hydrodynamic conditions, food, predators, and climate change.
And the anthropogenic factors include construction of dams,
overfishing and pollution. The results showed that 540 of 836
literatures were on factors affecting community structure, with
temperature and salinity (310) being the most documented,
followed by hydrodynamics (177) and food (128) (Table 1).

There are differing views on the reasons for changes in the
ichthyoplankton community structure in estuaries. Many
researchers believe that the regional change in fish communities
is mainly caused by gradients of temperature, salinity and depth as
well as different sediment types (Liu et al., 2008; Monteiro et al.,
2021; Chermahini et al., 2021). However, other studies propose
that individual behavior plays an important role in the distribution
of ichthyoplankton (Costa et al., 2011; Munk et al,, 2014). A few
studies suggest that the spatiotemporal variation of the
ichthyoplankton community is mainly related to the
meteorological and seasonal characteristics of the ocean,
especially in the middle latitudes (Hernandez-Miranda et al,
2003; Thaxton et al, 2020). There are also reports that the
horizontal distribution of larvae and juveniles in temperate
coastal waters is related to the distribution of adults, as well as
the location and type of spawning (floating or sinking) (Azeiteiro
et al., 20065 Ribeiro et al., 2015). Other studies have found that in
addition to temperature and salinity, suspended solids, suspended
organic matter, chlorophyll a and runoff all affect the spatial
structure of ichthyoplankton in estuaries (Faria et al., 2006;
Ramos et al., 2006; Zhang et al,, 2015). In addition, the annual
cyclical changes of climate and hydrodynamics also have a strong
impact on ichthyoplankton communities in estuaries (Sloterdijk
et al., 2017; Gao et al., 2018). To review the contribution of each
factor affecting the ichthyoplankton community structure in the
estuary more clearly, we divided the factors into two types (natural
factors and anthropogenic factors) to discussion.

5.1 Natural Factors

5.1.1 Temperature and Salinity

Temperature has a major and direct impact on fish reproduction,
recruitment, physiology, growth and behavior (Sabates et al.,
2006; Doring et al., 2018). These are important for the quantity
and spatial distribution of ichthyoplankton (Bruno et al., 2014;
Chermahini et al., 2021). Estuaries are generally shallow, and the
temperature varies greatly, with both diurnal and seasonal

variations. Thus, estuarine species that can adapt to a wide
range of temperatures tend to be dominant (Yang et al., 2006).
In temperate and subtropical estuaries, the peak of species
numbers generally occurs in spring and summer (Primo et al,
2011; Wang et al., 2017). In other words, temperature affects the
reproductive cycle and timing of adult fish (Holmes and
Henderson, 1990; Palomera, 1992). Taking a simple example,
in the Yangtze Estuary, the water temperature rose from spring
(average of 19.9°C) to summer (average of 29.9°C), the food
supply was plentiful, many fish spawned in the estuary, and the
species and quantity of fish eggs and juveniles in the estuary
increased greatly. In winter, the water temperature dropped
(average of 16.6°C), the food supply was scarce, and the
number of spawning fish and the species and quantity of fish
eggs, larvae and juveniles was greatly reduced (Jiang and Chen,
1993). The peak abundance of larvae and juveniles usually
occurred just before or after the maximum water temperature
(Newton, 1996). Thus, the seasonal variation of temperature
played a key role in the temporal variation of the juvenile fish
community (Demirel, 2015).

Salinity is also an important environmental factor affecting
estuarine organisms. For example, it affects the hatching period
of fish. In some species, the hatching period is shortened with an
increase in salinity, while in others it is prolonged with an
increase in salinity; a few species are not affected by salinity
(Wang and Zhang, 1998). Salinity not only affects the growth,
development and reproduction of ichthyoplankton, but also the
spatiotemporal distribution and abundance of species (Jiang
et al, 2013; Lima et al.,, 2019). Salinity is a key abiotic factor
determining the structure of the ichthyoplankton community in
estuaries (Wooldridge, 1999; Campfield and Houde, 2011; Song
etal., 2019). In estuarine areas, salinity is affected by runoff, wind,
waves and tidal current, and has complex temporal and spatial
variations. The special geographical conditions of estuaries and
the inflow of potentially large amounts of fresh water determine
that the salinity gradually increases with distance from the river
mouth, and the different ecological categorizations and
distributions of estuarine organisms often reflect the salinity
gradient (Mouny and Dauvin, 2002). Generally, estuarine salinity
is high in the dry season and low in the flood season. In the Caete
Estuary (Brazil), seasonal fluctuations in salinity caused changes
in the number of ichthyoplankton species and community
composition (Barleta-Bergan et al., 2002). Reduced salinity
levels may cause a peak in the number of fish eggs and larvae,
and low salinity coastal systems have a marked impact on the
hatching and development of fish eggs and larvae in the Yangtze
Estuary (Jiang et al., 2006). In addition, salinity can interact with
organic compounds and modulate their toxicity, which is
essential to ichthyoplankton growth in estuaries (Segarra
et al., 2021).

5.1.2 Turbidity

Estuarine water carries substantial quantities of suspended particles,
which result in high turbidity, especially when there is a large inflow
of river water. Turbidity has an important impact on the temporal
and spatial distribution of ichthyoplankton in estuaries (Costa et al.,
2011). The most abundant species in the Large Swan Estuary
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(Australia) were estuarine resident larvae and juveniles because of
the turbid conditions in the upper estuary (Neira and Potter, 1992).
Thus, turbidity can be considered as one of the most important
factors affecting the density of estuarine species (Harris and Cyrus,
1995). The maximum turbidity zone of estuaries has been widely
studied because it is a universal feature of estuarine dynamics
(Schubel, 1968; Jager, 1999; Islam et al., 2006). This zone also has
a high proportion of food organisms and is therefore more
conducive for the feeding of ichthyoplankton (Shideler and
Houde, 2014). In high turbidity areas, the probability of
ichthyoplankton encountering predators is also reduced, which
improves the survival rate (Parrish, 1989). Many fish rely on
vision to catch their prey, and the level of light in turbid water
can affect the behavior and predation of larvae and juveniles (Shoji
et al, 2006; Bradbury et al, 2006; Chicharo et al., 2009).
Accordingly, the maximum turbidity zone of estuaries often has
the highest abundance of larvae and juveniles (North and Houde,
2003). In contrast, Faria et al. found a low density and abundance of
ichthyoplankton in the maximum turbidity zone of the Guadiana
Estuary on the Iberian Peninsula. However, this may have been
caused by: a) high turbidity hindering feeding by some species; b)
large mesh sizes in the net allowing many small individuals to
escape; and ¢) the larvae and juveniles in the maximum turbidity
zone moving deeper in the water during the day when the trawl was
carried out (Faria et al., 2006). The maximum turbidity zone of the
estuary can change over a short time scale in some seasons owing to
the injection of fresh water and the effect of wind (North and
Houde, 2003); this leads to an associated change in the
ichthyoplankton community.

5.1.3 Hydrodynamic Conditions

Many marine fish migrate from open ocean spawning grounds to
estuarine nursery grounds in their early life cycle stage (Churchill
etal.,, 1999;Islam et al., 2007). Because estuaries are at the confluence
of rivers and the ocean, the migration of ichthyoplankton is affected
by complex hydrodynamic conditions, such as river runoff, tides,
water masses and ocean currents. Estuaries pose a special challenge
to the migration of ichthyoplankton because the speed of river runoft
is usually faster than the swimming speed of larvae and juveniles
(Forward and Tankersley, 2001; Schultz et al., 2003). Freshwater
injection and the tidal action of seawater were found to be the two
main factors determining the physical and chemical properties of
estuarine ecosystems (Yang et al., 2006). Consequently, changes in
estuarine hydrodynamic conditions not only affect the migration of
ichthyoplankton, but also affect their community structure
and distribution.

River runoff is a key factor in adjusting the structure and
function of estuarine systems (Taylor, 1982). The change in
estuarine runoff can cause many effects, including floodplain
development, accelerated transport of organic matter, dilution
and movement of pollutants, shifts in peak salinity and the
formation of density gradients, changes in the residence time of
some particles and biota in the estuary (Kimmerer, 2002),
changes in topography, and changes in turbidity and dissolved
oxygen levels. These effects influence the abundance and
distribution pattern of estuarine organisms (Drinkwater and

Frank, 1994; Grange and Allanson, 1995; Chiappa-Carrara
et al.,, 2003; Monteiro et al., 2021). The location of the
spawning center in the Yangtze Estuary tends to move
nearshore or offshore depending on the amount of fresh water
entering the sea, salinity and transparency (Yang et al., 1990).

Runoff was the main factor affecting the abundance and
distribution of ichthyoplankton in the Guadiana Estuary (Spain
and Portugal) before the construction of the Alqueva Dam
(Portugal) (Faria et al., 2006). Although the inflow of fresh water
is basically stable year after year, it can still affect the recruitment of
some species of larvae and change the composition of the
ichthyoplankton community (de Morais and de Morais, 1994).
The relationship between species abundance and river runoff also
varies because different species have different adaptations to the
flow and time of runoff (Costa et al, 2007). For example, the
abundance and survival rate of several estuary-dependent species
increased with the injection of fresh water (Kimmerer, 2002).
Whitfield found that ichthyoplankton abundance in Eastern Cape
estuaries (southern Africa) increased with increasing riverine
input (Whitfield, 1994). In Japan, the runoff from Chikugo River
affected the recruitment of Lateolabrax japonicus in two ways: a)
recruitment was increased by increasing the temperature and
accelerating the growth of larvae and juveniles; and b) high
inflows of runoft reduced the possibility of migration to the
estuary by dispersing larvae and juveniles in the ocean,
enhanced the predation activities of other organisms by
reducing turbidity, and reduced the availability of predated
zooplankton (Shoji et al., 2006).

The water level and currents in estuaries fluctuate periodically
owing to the influence of tides in nearby coastal waters. A
substantial quantity of seawater can flow into estuarine areas
driven by the wind, thus changing the original habitat
conditions for estuarine organisms and affecting their
community pattern (Tzeng and Wang, 1993). The resulting
estuary tides are usually larger and more complex than tides in
the open ocean. Under the action of tides, the salinity of estuaries
increases, especially in the middle and lower reaches, and the water
body is relatively stratified with a high abundance of shallow
marine organisms. If the effect of flushing water is strong, the
salinity of the estuary decreases, and the water is better mixed. In
this case, the dominant species of the biological community are
mainly estuarine species, or even freshwater species (Yang et al,
2006). According to the relationship between tidal influences and
species abundance, fish could be divided into two groups: a) at low
tide, they are mainly freshwater species; and b) at high tide, they
are mainly marine species. In general, at high tide, more species
are found in the lower reaches of the estuary because many marine
species enter the estuary with the tide (‘selective tidal stream
transport’), increasing the species diversity (Kingsford and
Suthers, 1996; Faria et al., 2006; Primo et al., 2012).

Tides not only affect the distribution and structure of
ichthyoplankton communities, but also considerably influence
the migration, predation, avoidance and reproduction of larvae
and juveniles (Gibson, 2003). Seasonal species can be carried
from the ocean to the estuary by tidal currents, but migration to
the estuary can be hindered by high-throughput runoff,
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especially in the surface water layer. This effect often occurs in
the subtropical estuaries of South America (Garcia et al., 2003).
In tidal regions, animals with weak swimming abilities may
accomplish efficient directed transport by ascending in the
water column during the appropriate tidal phase and holding
position on the bottom during the opposite tide. The behavior of
modulating horizontal transport through timed vertical
migration is termed ‘selective tidal stream transport’ (Walker
et al, 1978) and is used by a number of species, including
ichthyoplankton, living in tidally energetic regions. The
interaction between tidal currents and larval behavior (vertical
migration) also plays an important role in the upwelling
movement and retention of plankton in the original habitat
(Chen et al., 1997). Larvae and juveniles appeared in the upper
layer of a water body at high tide and in the lower layer of a water
body at low tide, which indicated that the larvae and juveniles
were using the tide as a retention mechanism (Islam et al., 2007).
For example, in the Swartkops estuary (South Africa), early
juveniles of marine species which utilize the estuary as a
nursery ground, such as Rhabdosargus holubi, Liza richardsoni
and Heteromycteris capensis, enter the estuary on the flood-tide
and actively migrate towards the banks to prevent being swept
back out to sea (Beckley, 1985). Similarly, in Swartvlei estuary
(South Africa), Rhabdosargus holubi enter the estuary mainly as
postlarvae, and congregate along the margins or on the bottom
where water current speeds are reduced (Whitfield, 1989b).

In addition to runoff and tides, other hydrodynamic
conditions also affect ichthyoplankton in estuaries. For
example, the reproduction of Engraulidae is restricted by the
specific geographical location of the Yangtze Estuary and
the variation of water potential in various other systems, such
as the Yangtze River runoff, the Kuroshio warm current and the
Yellow Sea cold water mass (Wu, 1989). Upwelling can make
the nearshore seawater flow toward the ocean, thus delaying the
replenishment of seawater farming land to the estuary as well as
reducing the species diversity in the lower estuary (Ramos et al.,
2006; Valencia et al., 2019). Hydrodynamic conditions such as
the Kuroshio Current and upwelling can increase food supplies
for the ichthyoplankton in estuaries, thus affecting their
community structure (Huang et al., 2017).

5.1.4 Food

In the early life stages after hatching, fish rely on yolk as a food
resource for a very short time. After a brief period of mixed
nutrition, they switch completely to external food sources. For
example, the larvae of marine fish mainly feed on copepods
(Dagg and Govoni, 1996), while freshwater fish mainly feed on
rotifers (Wang et al., 2006). Individual fish species select different
food organisms at different growth and development stages. For
example, in the Yangtze Estuary (China), the larvae and juveniles
of Coilia mystus feed on zooplankton such as Cladocera and
Amphipoda. And then their food composition changes gradually
to the eggs and juveniles of fish such as Larimichthys polyactis,
Chaetorichthys stigmatias and Harpadon nehereus, shrimps,
copepods and Amphipoda, and other small animals, such as
squid and squilla (Wang et al., 2006). Similarly, in the Sundays
Estuary (South Africa), larvae also showed changes in diet at

different stages of development (Strydom et al., 2014). From the
perspective of spatial distribution, larvae and juveniles prefer to
live in marine areas with a stable and reliable food supply of
plankton (Whitfield, 1999).

In the Mira and Guadiana Estuaries (Portugal), the spatial
and diurnal distribution of larvae and juveniles was related to the
vertical and horizontal migration of food organisms (Esteves
et al., 2000). The species and quantity of food organisms have an
important impact on the ichthyoplankton community. Larvae
and juveniles were found to gather in deep areas with a high food
concentration (Shideler and Houde, 2014). According to Drake
et al,, stepwise multiple regression analysis of the spatial and
temporal distribution of Engraulis encrasicolus showed that its
main food source, Mesopodopsis slabberi, could explain 45% of
its change in density (Drake et al., 2007). The peak abundance of
larvae and juveniles in spring and summer was related to the
large-scale reproduction of zooplankton after the flood season,
because a large number of zooplankton provided a good food
supply for young fish larvae and juveniles (Newton, 1996). In
some estuarine ecosystems, the peak abundance of larvae and
juveniles coincides with the peak of phytoplankton productivity
and biomass (Livingston et al., 1997; Garcia et al., 2003).

5.1.5 Predators

In estuarine and marine ecosystems, adult fish, invertebrates,
mammals and some zooplankton have a strong predation effect
on ichthyoplankton. The complex feeding relationship has an
important impact on ichthyoplankton communities, especially
abundance. In the Yangtze Estuary, the feeding relationship
between planktonic copepods and fish eggs and larvae determines
that changes in abundance affect the quantity of fish eggs and larvae
(Jiang et al., 2006). According to Esteves et al., the abundance of
larvae and juveniles in the Mira and Guadiana Estuaries (Portugal)
was positively correlated with the abundance of several invertebrates
that prey on fish eggs and larvae (Esteves et al., 2000). Jellyfish are
important predators of larvae and juveniles, and they are also
important regulators of the zooplankton community structure in
several ecosystems (Pereira et al., 2014). For example, the monthly
decline in ichthyoplankton community abundance in 2002
(Guadiana Estuary, Portugal) was closely related to the increase in
jellyfish abundance (Faria et al., 2006).

5.2 Climate Change

Ichthyoplankton are thought to be sensitive to climate change,
and a number of studies have focused on the impact of climate
change on the distribution and interannual change of
ichthyoplankton communities (Zhang Z. et al., 2020).
Stochastic climate events (cyclones) changed the community
composition of ichthyoplankton in estuaries by bringing
intense rainfall, which caused the distribution and abundance
of estuary resident species and marine migratory species to
change substantially (Martin et al., 1992). The seasonal
changes in temperature and precipitation caused by climate
change were the main reasons for the temporal differences of
larvae and juveniles, which strengthens the supposition that
interannual climate and hydrodynamic changes have a strong
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impact on the composition of estuarine ichthyoplankton
communities (Ramos et al., 2006).

Global warming causes changes in the temperature, salinity,
dissolved oxygen and other environmental factors, resulting in
changes to the temporal and spatial distribution of
ichthyoplankton (Sloterdijk et al., 2017). The increase in
temperature may lead to earlier fish spawning (Thaxton et al,
2020), extension of the spawning time (Primo et al., 2011; Acha
et al., 2012), shortening of egg hatching time (Hassell et al.,
2008), early gonadal maturation (Thaxton et al., 2020) and
northward expansion of spawning areas (Auth et al., 2018;
Zhang et al., 2019).

Droughts and water shortages may reduce river runoff to the
extent that the salinity stratification in estuaries is reduced,
resulting in a decline in fish with strong dependence on estuary
conditions, such as Acanthopagrus butcheri (Williams et al., 2013).
This may have a substantial impact on the development and
supply of larvae and juveniles (Primo et al., 2011). Climate change
also causes hypoxia and ocean acidification, which greatly reduces
the survival rate of ichthyoplankton embryos (Hassell et al., 2008;
Valencia et al, 2019). The impacts of climate variability on
ichthyoplankton assemblages will have consequences for marine
pelagic food webs and fish population biology, namely recruitment
(Monteiro et al., 2021).

The El Nino-Southern Oscillation is an irregular fluctuation
that can affect the entire tropical Pacific as well as the global
climate. It is a manifestation of ocean-atmosphere interactions,
which leads to fluctuations in the wind, rainfall, thermocline
depth and circulation, and ultimately affects the biological
productivity and changes the feeding and reproduction of fish,
birds and mammals (Fiedler, 2002). El Nifio can affect the cold
water mass of the Yellow Sea and the Taiwan warm current,
altering the ocean temperature, salinity and food sources, and
changing the location of the central spawning grounds and hence
the temporal and spatial distribution pattern of ichthyoplankton
in estuaries (Shan et al., 2004). A similar conclusion was reached
in a study of the Central Gulf of California (Sanchez-Velasco
et al., 2004). In addition, the El Niflo phenomenon can affect the
rate of recruitment of larvae and juveniles to the adult fish
community. In an El Nifio year, the recruitment rate is higher
than the average level, but in the years before and after El Nifio,
the recruitment rate is lower than the average level (Franco-
Gordoa et al,, 2004; Acha et al,, 2012). Therefore, under the
influence of global climate change, the community structure,
distribution range and life history characteristics of
ichthyoplankton will undergo major changes.

5.3 Anthropogenic Factors

5.3.1 Construction of Dams

Over the past few decades, many large-scale dam construction
projects have occurred in or near rivers and estuaries. These
projects play an important role in economic development and
social progress, but also have a considerable impact on the
ecological environment of estuaries (Burns et al., 2006). The
construction of dams in the main stream of a river can change
the flow pattern of the whole river, particularly the distribution
of runoff and sediment downstream of the dam, which results in

changes in the amount of runoff, sediment and nutrients flowing
into the estuary and sea (Shan et al, 2004). This alters the
hydrological dynamics and sediment deposition processes of
estuaries and their adjacent coasts, thus changing the spatial
pattern of ichthyoplankton in the estuary (Faria et al., 2006). For
example, large-scale water conservancy projects in the main
stream of the Yangtze River altered the original seasonal
distribution of runoff. The flow velocity, sediment discharge,
salinity distribution and bottom material conditions were all
changed (Shan et al,, 2004). Owing to the backflow of seawater,
the salinity in the Yangtze Estuary has increased, which affects
the distribution of fish species in the estuary. The distribution
area of offshore species has expanded and that of estuarine fish
has contracted (Xian and Luo, 2015). Owing to the increase in
transparency in estuarine waters caused by the decreased inflow
of sediment, areas with high phytoplankton productivity have
expanded, and the position of spawning and feeding grounds of
many fish has changed accordingly (Luo, 1994; Gao et al., 2018).

After the Aswan Dam was built on the Nile River in Egypt, the
nutrients transported to the waters of the Nile Estuary decreased
by more than 90%, resulting in the serious depletion of fishery
resources in the coastal waters (Nixon, 2004). Similarly, the
Alqueva Dam has affected the abundance and community
structure of ichthyoplankton in the estuary by changing the
river runoff (Faria et al., 2006). Thirty years after the completion
of the dam in the upper Petitcodiac River in Canada, the
representative anadromous species had disappeared (Aube
et al., 2005).

5.3.2 Overfishing
The combination of nutrient-rich fresh and saline aquatic habitats
in estuaries makes them extremely productive for fisheries; for this
reason, many large fishing grounds are located near estuaries
(Shan et al,, 2004). In recent years, fishing intensity has increased
annually owing to the modernization of fishing gear and the
improvement of fishing technology, far exceeding the capacity of
resource recruitment (Song et al., 2019). This has greatly impacted
ichthyoplankton as the recruitment source for fisheries and has
changed the community composition. Some economically
valuable species have disappeared from their original habitats,
fishery resources have been degraded, and many traditional fishing
grounds have been become uneconomic (Hale et al., 2016). For
example, in the Yangtze Estuary, overfishing of Trichiurus
japonicus, Larimichthys polyactis and other important economic
species has led to fish miniaturization, early maturity and a young
age structure (Shan et al., 2004). The primary reason for the
miniaturization of the fish community is the uncontrolled overuse
of marine biological resources in coastal waters (Zhu et al., 2002).
Overfishing is the main cause of the substantial reduction of
fishery resources (Song et al., 2019). Consequently, overfishing
and environmental degradation lead to a loss of ecosystem
resilience and integrity. Because the fishery yield is dependent
on ecosystem productivity, a more unstable ecosystem leads to
unpredictable changes in both quality and quantity (Ryder et al.,
1981). Overfishing greatly reduces the survival rate of adult fish
and affects spawning, resulting in a reduction of ichthyoplankton
abundance. Therefore, under the combined effect of overfishing
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and environmental change, the population and community
structure of ichthyoplankton in estuarine ecosystems has
changed markedly (Bian et al., 2010).

5.3.3 Pollution

Human activities are highly concentrated in estuarine areas, and
environmental changes have a profound impact. The development
of modern industry and agriculture has led to a substantial quantity
of industrial wastewater and domestic sewage being discharged into
estuaries through various pathways. The discharge volume and the
concentration of pollutants are increasing year by year, causing
eutrophication and declining water quality of estuaries and their
adjacent coastal waters.

In addition to red tides, eutrophication may also lead to oxygen
deficiency or even anoxia in estuaries and nearby waters. Oxygen
deficiency can destroy the biological community structure in
affected waters, which changes fish food resources, including the
species composition and quantity of plankton, aquatic plants,
benthos and other food organisms, disrupting the food chain of
fish (Liu et al.,, 2008). In addition, oil pollution from factories and
shipping is becoming more serious. Sedimentary oil can also cause
secondary pollution, leading to long-term pollution of water bodies
and damaging the normal biochemical processes. This, in turn,
destroys the spawning and feeding grounds of fish over a large area,
damaging the self-renewal mechanism of fish resources and leading
to an imbalance in fish community niches. Fish larval physiology
has been changed by pollution, leading to increased tissue damage
and decreased survival rates, all of which affect the structure of
estuarine fishery resources (Shan et al., 2004; Bajo et al., 2020).

Microplastics (particle size < 5 mm) do great harm to juvenile
fish. While ingestion of microplastics leads to intestinal obstruction
of juvenile fish, which affects their feeding, microplastics also have a
high capacity to absorb pollutants, which leads to the accumulation
of pollutants in the body (Rodrigues et al., 2019). However, the
specific impact of microplastics on the ichthyoplankton
community structure of estuarine fish is unclear.

6 CONCLUSION

This review contributes important theoretical and practical
information for estuarine environmental protection and the
sustainable use of estuarine resources. We found an increase in
the amount of research on estuarine ichthyoplankton over time,
but it was mainly concentrated in developed countries. Salinity
and turbidity are the main factors affecting changes in
ichthyoplankton community structure in estuaries. Climate
change indirectly affects the community structure of estuarine
ichthyoplankton by altering the spawning time, spawning
location and egg hatching time of adult fish. The movement of
spawning sites poleward and the advance of spawning time have
become a consistent trend. Although there is little research on
the DNA barcoding of ichthyoplankton, evidence suggests that
the wide use of DNA barcoding will provide an effective solution
for the accurate identification of ichthyoplankton.

Therefore, strengthening the research on estuarine
ichthyoplankton in developing countries can further deepen

the understanding of estuarine ichthyoplankton ecology and
help to provide references for the protection of fishery
resources in these countries. The impact of climate change on
ichthyoplankton in estuaries has attracted more and more
attention, but its potential driving mechanism needs to be
further explored. The impact of human activities (such as
overfishing, environmental pollution and dam construction) on
ichthyoplankton in estuaries is often ignored, and more attention
should be paid to it. DNA barcoding has broad development
prospects in the identification of ichthyoplankton. The
identification method combining molecular and morphology
may become the mainstream method in the future.

Although this study systematically reviews the research on
ichthyoplankton in estuaries all over the world, there are still
many limitations. On the one hand, many non-English literature
sources are excluded, which leads to some deviations in the
statistical results. On the other hand, this study focuses on the
community structure and influencing factors of estuarine
ichthyoplankton, but does not discuss its potential driving
mechanism in detail. Thus, to strengthen the study of estuarine
ichthyoplankton ecology, we need to fully understand the
structure and function of estuarine ecosystems and the impact
of human activities on estuarine resources so that we can develop
protective countermeasures.
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