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Abstract

:

The estuarine tapertail anchovy Coilia nasus is distributed throughout the Dayang River. However, the life history and habitat use of this fish remain unknown. Here, the microchemistry patterns of Sr and Ca in 23 otoliths collected from the lower reaches of the Dayang River were analyzed using an X-ray electron probe microanalyzer. The anchovies were divided into two patterns: (1) with low Sr/Ca ratios (<3.0) and a single bluish Sr concentration map, indicating that it only experienced a freshwater habitat during its whole life, and (2) with Sr/Ca ratios fluctuating between low and high (>3.0) phases and Sr concentration maps showing various colors, including blue, green, yellow, and red, from the core to the edge of otoliths, whose larvae hatched in freshwater and spent their first winter in brackish or sea waters. The juveniles then stayed in estuarine water areas for further growth and feeding until sexual maturity, when the mature adults returned to the spawning grounds in the river. The co-existence of freshwater residents and anadromous C. nasus in the Dayang River has been studied for the first time, and its possible spawning ground was discovered. These findings provide essential information to effectively protect this species and guide its rational, sustainable utilization.
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1. Introduction


The estuarine tapertail anchovy Coilia nasus (junior synonym C. ectenes) is an anadromous engraulid fish with a high commercial and economic value and is widely distributed in the riverine, coastal, and estuarine waters of China, Japan, and Korea [1,2,3,4,5,6]. On reaching sexual maturity, adult individuals migrate upstream annually from the estuaries to spawn in freshwater areas during the spawning season [7]. After hatching, the larvae and juveniles grow in the freshwater habitat for approximately one year and then enter brackish and sea waters, where they continue feeding until they reach sexual maturity [1]. Unfortunately, owing to habitat destruction, overfishing, dam construction, and other anthropogenic impacts, the populations of this small anchovy have decreased sharply in the early 21st century [8,9] and the species has been listed on the IUCN Red List of Threatened Species (Version 2022-1).



Identifying the patterns of the fish’s movement and its critical habitat will help clarify the life-history traits of this species, which is important for effective conservation [10,11]. Otolith microchemistry has received increasing attention as an effective and a convenient tool for understanding the life histories of different species [12,13]. Trace-element deposition in otoliths is affected by physiological and environmental factors [14], where ambient elemental concentration variation is a primary factor that impacts element uptake in fish [15,16]. As otoliths are continuously growing and non-metabolizable, trace-element variation from the core to the edge of otoliths can provide valuable information about the environmental conditions experienced by fish throughout their life stages [12,13]. In addition, trace-element ratios can be used to reconstruct environmental migration patterns, habitat utilization, and other aspects of migration ecology [12,17]. The Sr/Ca ratio in otoliths is usually positively correlated with the salinity of ambient water [18,19], which can accurately reveal the changes in the salinity gradient associated with the life histories of individual migratory fish [1,5,7,11,20,21].



The Dayang River originates from Xiuyan County, Liaoning Province. The basin passes through Xiuyan County, Donggang City, and finally flows into the Yellow Sea at Huangtukan Town [22]. The total length is 202 km with an area of approximately 6504 km2, making it the longest sea-flowing river between the Liaohe and Yalu rivers [23]. Currently, only a certain population level of C. nasus exists in the Dayang River Basin in Liaoning [24]. However, the life history and habitat use patterns of C. nasus in the Dayang River have not yet been studied, although many studies have reported the composition of spawning groups, migratory patterns, phenotypes of individuals, and habitat use for C. nasus from the Yangtze, Qiantang, and Huanghe rivers [1,2,3,25,26,27]. The genetic differences of mtDNA cytochrome b (Cyt b), or the displacement loop (D-loop), between C. nasus from the Yangtze River Basin and from the Dayang or Yalu rivers (adjacent to the Dayang River) [28,29] lead us to hypothesize that the life history of C. nasus in the Dayang River may differ from those in other waters. Mature Yangtze River C. nasus can migrate 800 km upstream from the Yangtze River estuary to Poyang Lake for spawning [26], while the Yellow River C. nasus can migrate to Dongping Lake for spawning [27]. However, the migration distance of the Dayang River C. nasus might be extremely short, as the river flow is obstructed by a dam (30 km upstream from the estuary) [30], which may lead to unique migration patterns and habitat use of the Dayang River C. nasus. In the present study, the Sr and Ca concentrations in the otoliths of C. nasus from the Dayang River were analyzed for the first time using an electron probe microanalyzer to objectively observe the ecological type of C. nasus and understand its life history and habitat use. The findings will act as a reference and theoretical basis for targeted resource conservation of C. nasus.




2. Materials and Methods


2.1. Study Sites and Fish Sampling


In total, 23 C. nasus individuals were caught with a gill net of 45 mm mesh size, 80 m width, and 1.5 m height from the lower reaches of the Dayang River (DYH, 39°96′ N, 123°66′ E) in southeast Liaoning Province, China, in July 2019 (Figure 1). The body weight was measured using an electronic balance (WPB3K01, AS ONE Crop., Osaka, Japan) having an accuracy of 0.1 g. The body length was measured using a steel scale (Wuhan Tools and Equipment Co., Ltd., Wuhan, China) having an accuracy of 1 mm. To further identify each C. nasus individual up to the long or short upper jaw phenotype along with its ecomorphotypes according to Jiang et al. [31], the upper jaw length and head length were measured in all individuals using Fisherbrand Traceable Digital Calipers (Thermo Fisher Scientific Inc., Waltham, MA, USA) having an accuracy of 0.02 mm; subsequently, the jaw length/head length ratio was calculated (Table 1). The sexuality and sexual maturity stage were determined by visual examination according to the gonad stages of maturation, as described by Xu et al. [32,33]. All fishes were 2–3-year-old mature adults with a mean body length of 257 ± 32 mm and mean weight of 60.1 ± 25.2 g (Table 1). After measurement, the sagittal otoliths were removed from all fish specimens. Subsequently, the otoliths were washed and dried for further experimentation.




2.2. Otolith Preparation and Microchemical Analysis


Only the left otolith of each pair of the sagittal otoliths was used in this study. Otoliths were completely embedded in epoxy resin (Epofix; Struers, Copenhagen, Denmark) and ground to expose the core along the sagittal section using a Discoplan-TS grinding machine (Struers, Copenhagen, Denmark). All otoliths were polished (LaboPol-35, Struers, Copenhagen, Demark) with OP-S liquid (Struers, Copenhagen, Denmark), cleaned in an ultrasonic bath, rinsed with Milli-Q water with a resistivity of 18.2 mΩ/cm, and completely dried with a coated carbon plating film (36A, 25S) using a high-vacuum evaporator (JEE-420, JEOL Ltd., Tokyo, Japan) for further analyses.



A wavelength-dispersive X-ray electron probe microanalyzer (JXA-8100 JEOL Ltd., Tokyo, Japan) was used to quantify Sr and Ca concentrations in otoliths, similar to the methods described by Liu et al. [4]. Calcite (CaCO3) and Tausonite (SrTiO3) were used as standards before measuring the Sr and Ca element concentrations along a continuous line down the longest axis of each otolith from the core to the edge in the otoliths. The accelerating voltage was 15 kV, the beam current was 2 × 10−8 A, and the electron beam was focused on a 5 μm diameter point, with measurements spaced at 10 μm intervals. Subsequently, the accelerating voltage was left unchanged, the electron beam current was 5.0 × 10−7 A, the beam spot diameter was 5 μm, the pixel size was 7 μm × 7 μm in diameter, and the counting time was 30 ms to generate the X-ray intensity maps of Sr concentration for the representative otoliths using the same microprobe.




2.3. Otolith Age Determination


Once all the otoliths were analyzed, the carbon coating was removed by polishing and then etched with 5% ethylenediaminetetraacetic acid (EDTA) to reveal the annulus marks for determining the individual ages [3].




2.4. Data Analysis


The data were statistically analyzed using Excel 2016 (Microsoft, Seattle, WA, USA) and IBM SPSS Statistics v. 19.0 (IBM Corp., Armonk, NY, USA). A sequential regime shift algorithm was applied to identify the different phase transition curves of Sr/Ca ratio (customarily using (Sr/Ca) × 1000 throughout the study. According to the parameter settings given by Liu et al. [4], the cut-off length, significance level, and Huber’s weight parameter were 10, 0.1, and 1, respectively. Based on previous studies [2,3,4,26,34] on the microchemical characteristics of some trace elements in C. nasus otoliths, the Sr/Ca ratio in otoliths was found to be related to the salinity of the water where the individual anchovies lived, and 3 and 7 were used as critical values to distinguish low-salinity freshwater, medium-salinity brackish water, and high-salinity seawater. Simultaneously, values corresponding to Sr concentration patterns were represented as bluish (low-salinity), greenish-yellowish (medium-salinity), and reddish (high-salinity) in a 16-color map. These patterns provided comparative references to distinguish anadromous and freshwater resident C. nasus individuals. It also suggested habitat use objectively and intuitively.





3. Results


According to Figure 2, Figure 3 and Figure 4, the Sr/Ca ratio of Ca and Sr concentration in otoliths showed the following three types of otolith microchemistry patterns: (1) Freshwater resident (FR): the Sr/Ca ratios from the core to the edge of only one otolith (19DYHCN24, female) remained stable below the Sr/Ca fresh water threshold (1.83 ± 0.84) corresponding to the bluish spectrum of low Sr concentration (Figure 2a and Figure 4FR), indicating that the individual’s entire life cycle was completed in low-salinity fresh water. (2) Anadromous migratory Type I (AM I): The otoliths of 16 individuals (seven females and nine males) had low Sr/Ca ratios (1.52 ± 0.61–2.79 ± 1.23) below the Sr/Ca freshwater threshold for early life stages, while the Sr/Ca ratios went up to medium (3.26 ± 0.90–4.61 ± 1.03) in the later phase. Subsequently, it alternated between low and medium Sr/Ca ratios, and the final edge had a low Sr/Ca ratio of less than three. The otolith of the individual 19DYHCN18 had only two phases of change, while the remaining individuals had three or more phases (Figure 2b–d).



The bluish and greenish-yellowish spectrums can be clearly seen in the corresponding two-dimensional X-ray intensity maps of Sr concentration, which exhibit the same pattern as the results of transect analysis (Figure 2 and Figure 4AM I). These individuals hatched in freshwater while the larvae and juveniles grew and fed in freshwater and estuarine environments and then finally migrated to the freshwater environment to spawn. (3) Anadromous migratory Type II (AM II): The Sr/Ca ratios of the remaining six specimens (four females and two males) increased from a low value (1.65 ± 0.54–2.15 ± 0.58) of the core regions to a medium value (5.02 ± 1.66–6.29 ± 1.06) in the second phase and continued to increase to a high value (7.11 ± 0.79–7.94 ± 0.73) in the third phase. After a certain distance, it descended to a medium ratio (4.50 ± 0.95–5.59 ± 1.40) in the fourth stage, and the Sr/Ca ratio of the final edge was below the Sr/Ca freshwater threshold. The otoliths of individuals 19DYHCN03 and 19DYHCN11 exhibited alternating low and medium ratios many times after the fourth stage (Figure 2e, f). Moreover, the two-dimensional X-ray intensity maps of Sr concentration clearly show the variation trend of bluish (central region), greenish-yellowish, reddish, greenish-yellowish, and bluish (edge) spectrums (Figure 4AM II). The life-history patterns of most individuals were of anadromous migratory Type I. The migratory type individuals moved to seawater for growth, feeding, and overwintering in addition to living in freshwater and brackish environments.



All individuals were aged 2–3 years. For example, only two annuli were obtained by etching the sagittal otolith plane of a two-year-old individual (19DYHCN03) (Figure 3a) to EDTA. Combined with its two-dimensional X-ray intensity map of Sr concentrations (Figure 3b), the greenish-yellowish spectrums representing brackish water are found within the first annulus, which means this fish moved from fresh water to brackish water before it was one-year-old. The small fraction of the bluish spectrums at the edge outside the second annulus suggested that C. nasus moved quickly upstream to the sampling site from brackish water when it reached sexual maturity after turning two years old.




4. Discussion


Coilianasus can be divided into two phenotypes by the ratio between their upper jaw and head lengths. The long-jaw C. nasus (upper jaw length/head length >1) are traditionally believed to be anadromous individuals with high economic value, while short-jaw C. nasus (upper jaw length/head length <1) are traditionally believed to be freshwater resident individuals with low economic value [31]. The jaw lengths of all C. nasus from the Dayang River were longer than the head length of a typical long-jaw phenotype anchovy (Table 1). Notably, C. nasus could be divided into three ecotypes: i.e., anadromous migratory type, freshwater resident type, and landlocked type [2,3,34,35], and further into five ecomorphotypes (i.e., anadromous migratory, freshwater resident long-jaw C. nasus, anadromous migratory, freshwater resident long-jaw C. nasus, and landlocked C. nasus) [31]. The freshwater resident long-jaw phenotype C. nasus is relatively rare [1,2,3,4]. In the present study, the otolith of only one fish (19DYHCN24) exhibited low Sr/Ca ratios and a bluish map of Sr concentration. Its microchemical characteristics were comparable to those of freshwater resident C. nasus described by Chen et al. [2] and landlocked C. nasus described by Sokta et al. [35], which suggested that its entire life cycle occurred in freshwater (Figure 5A). The individual 19DYHCN24 was sampled in the main stream of the Dayang River, and hence, its ecomorphotype was not landlocked but freshwater resident long-jaw C. nasus.



In addition, another life-history pattern was as follows: hatching and feeding of larvae occurred in a low-salinity environment; the juveniles entered medium (estuary) or high-saline (northern Yellow Sea) environments for overwintering, grew in the waters near the estuary, and migrated upstream to the spawning grounds for spawning after reaching initial sexual maturity (Figure 5B,C). Each of the otoliths had a distinct blue core region that varied in size, which indicated that these individuals had spawned eggs and hatched in a low-salinity environment and that the spawning grounds of C. nasus exist in the freshwater reaches of the Dayang River. A survey showed that the dam 30 km above the estuary did not necessarily affect the upward migration of ayu (Plecoglossus altivelis), but no C. nasus were found in the middle reaches of the river above the dam [23]. Zhang et al. [30] also indicated that the dam could obstruct the migration of C. nasus. Therefore, it is reasonable to believe that the dam would most likely block the upward migration of C. nasus, leading to the formation of spawning grounds below the dam. The anchovies’ stage IV, V, or Ⅵ gonads were defined as fully mature [36], and the waters in which the fully mature females were caught were spawning areas [37,38]. We captured some fully mature individuals with stage IV and especially stage V gonads from the area below the dam. The bottom of the river near the sampling site was mostly muddy, and the reach was a typical “S” shape (Figure 1), which was consistent with Xue et al.’s [39] description of the spawning habitat characteristics. This suggested that the water near the sampling site was a spawning area for C. nasus. The larvae hatched from the fertilized eggs are weak and drift passively with the water current [40,41], which suggests that the duration that C. nasus lived in freshwater in its early days reflects the distance between spawning grounds and the estuary [42]. In this study, we observed that most individuals took only a few months after hatching to first enter the estuary, whose two-dimensional maps of Sr concentrations in otoliths had a small proportion of blue core areas representing freshwater habitats. Such individuals with an early short-term use of freshwater also existed in the Qiantang, Oujiang, and Chikugo rivers [3,4,42]. These rivers are shorter in length compared with the spawning ground of C. nasus near the estuary [3,5,39,42]. This supports the existence of the spawning ground of anchovy C. nasus below the dam in the Dayang River.



Li et al. [43] found that the annulus on the otolith of C. nasus usually forms after winter between April and June. Interestingly, the Sr/Ca ratios of these individuals increased well before the first annulus, which means that the individual entered the estuary long before the following spring. The Dayang River was different from the low-latitude rivers, such as the Yangtze and Qiantang rivers. The frozen period of its estuarine section lasts for four months starting at the end of November every winter; the thickness of the ice was 30–50 cm and the water temperature reached as low as 0.4 °C [44]. Notably, Li et al. [45] found that a mass mortality of C. nasus fries occurred in outdoor ponds, as they could not overwinter when the water temperature decreased to approximately 8 °C. Therefore, the fries and juveniles of the fish might migrate from freshwater to the estuary and even to the north shore of the Yellow Sea for overwintering before the Dayang River freezes. Zhang et al. [30] also found that Dayang River C. nasus started entering the sea by the end of October, which was consistent with the observations of this study. Therefore, overwintering conditions (e.g., water temperature) could also affect the utilization of freshwater in the early life stage. However, a few individuals (19DYHCN04, -05, and -19) chose to overwinter in freshwater and began to enter the estuary in the next spring. Owing to the freezing and shallow depth in the river [44], the numbers of individuals overwintering in freshwater were relatively small.



After the first overwintering, fish mainly completed their next growth, feeding, and overwintering in the brackish and freshwater environments near the mouth of the Dayang River. Until they reached sexual maturity at the age of 2 or 3 years, the mature C. nasus started moving upstream from the estuary in April [30]. Furthermore, many otoliths had distinct alternating blue and yellow-green phases along their edges, indicating more than one anadromous migration. There are two possible reasons for this case: First, as the Dayang River is a mountain river, it experiences rapid water flow during the rainy season. Thus, upstream adults are carried passively into the estuary by fast-flow and returned to the freshwater spawning grounds after the flood ends. The anadromous individuals usually resume food intake when they reach spawning grounds [46] so that they acquire the energy needed for the final maturation of gonads and reproductive activities [47,48]. Rainwater brings a large amount of sediment from the upper stream, resulting in a sharp decline of food resources in the freshwater that consequently causes a deprivation and fails to meet the energy requirements. Thus, fish actively enter brackish water having rich forage to ensure the maturation of their gonads, suggesting that the selection and utilization of habitat by this anchovy are quite flexible. Some individuals (19DYHCN07 and 19DYHCN18) did not show the bluish stage at the otolith edge. Although Sr has a time-lag effect in the biomineralization process from water to body to otolith [49], the Sr/Ca ratios in the otolith could not quickly drop to the freshwater level after C. nasus rapidly migrated to the spawning grounds in freshwater. The otoliths of the Yangtze River C. nasus also showed this pattern [26].



Compared with the habitat-use patterns of the C. nasus population from the Yangtze River [1,2,26], the anadromous migratory long-jaw ecomorphotype C. nasus from the Dayang River generally has a short initial riverine life history, and its use of freshwater, estuarine, and seawater habitats is more flexible. The life-history pattern of most individuals was AM I, which shows that the habitat use of the Dayang River C. nasus has an estuarine dependency. Females and males had similar anadromous migratory life-history patterns. Additionally, one female showed freshwater resident patterns, which suggests that females probably have a relatively higher ability to adapt to complex habitats than males. In recent years, overfishing, water pollution, or other human impacts have substantially decreased C. nasus populations in the Dayang River, and this species has been included in List of Wildlife under Special Protection of Liaoning Province. Therefore, to restore the Dayang River basin to ensure sustainable recovery of natural C. nasus resources, we suggest that future efforts should focus on the strict control of fishing intensity and the discharge of wastewater, and fisheries’ enforcement should be strengthened in the river section from the dam to the estuary. As a typical river–sea migratory fish species, the river study of the recovery of C. nasus will provide reference for the recovery of other migratory fish resources.




5. Conclusions


Using the advantages of fish otolith microchemical techniques, this is the first study in which we observed the existence of both freshwater resident and anadromous migratory C. nasus in the Dayang River and reconstructed its life-history pattern and habitat use. This study also provides reference materials and a theoretical basis for the conservation of the targeted and local anchovy resources. In future studies, we will expand the scope of investigation, increase the number of samples, and combine otolith microchemistry with biomolecule technology to accurately confirm the population distribution, nursery grounds, feeding grounds, wintering grounds, and spawning grounds of migratory C. nasus in the Dayang River basin and its surrounding areas. Moreover, as the economic values of freshwater resident and anadromous migratory C. nasus are completely different, the resources of the two C. nasus ecotypes in the Dayang River basin should be monitored to promote its sustainable utilization in the future.
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Figure 1. Sampling site (▲) of Coilia nasus in the Dayang River in southeast Liaoning Province, China. 
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Figure 2. Representative otolith core-to-edge Sr/Ca patterns of freshwater resident (a), anadromous migratory Type I (b–d), and Type II (e,f) of C. nasus individuals. The gray lines and wide black lines show the fluctuations in the Sr/Ca ratios and shifts, respectively. The two horizontal imaginary lines denote reference boundaries for dividing Sr/Ca ratios as freshwater (≤3), brackish water (3–7), and sea water (>7). The black arrows indicate the positions of the annuli. 
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Figure 3. Sagittal plane of the otolith etched with EDTA. (a) The white dashed line denotes the transect direction of the Sr/Ca ratio, and the arrows show the annuli. (b) Two-dimensional X-ray intensity map of the Sr concentrations. 
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Figure 4. Two-dimensional X-ray intensity maps of the Sr concentrations in the sagittal plane of the otoliths for the three types (FR: freshwater resident, AM I: anadromous migratory Type I, AM II: anadromous migratory Type II). The values corresponding to Sr concentrations are represented by 16 colors from blue (lowest) to red (highest). 
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Figure 5. Life-history and habitat-use patterns observed for C. nasus from the Dayang River, China. (A) Freshwater resident, i.e., lived in freshwater throughout its entire life. (B) Anadromous migratory Type I, i.e., spawned in freshwater and moved at least once to a brackish environment (freshwater–brackish). (C) Anadromous migratory Type II, i.e., spawned in freshwater, moved to seawater, and then to brackish environment (freshwater–brackish–seawater). Notes: a: hatching; b: growth and feeding; c: overwintering; d: migrating; e: spawning. 
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Table 1. Sampling details of Coilia nasus.
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	Sample Code
	Body Length (mm)
	Body Weight (g)
	Jaw Length/Head Length
	Sexuality
	Sexual Maturity
	Inferred Age (year)





	19DYHCN01
	315
	106.9
	1.08
	♂
	V
	3



	19DYHCN02
	296
	103.5
	1.22
	♀
	IV
	2



	19DYHCN03
	312
	112.8
	1.21
	♀
	V
	2



	19DYHCN04
	292
	77.8
	1.22
	♀
	III
	2



	19DYHCN05
	268
	79.8
	1.15
	♂
	III
	2



	19DYHCN07
	267
	70.5
	1.28
	♀
	IV
	2



	19DYHCN08
	267
	65.6
	1.29
	♀
	IV
	2



	19DYHCN09
	285
	75.2
	1.14
	♀
	IV
	2



	19DYHCN11
	265
	72.9
	1.27
	♀
	IV
	2



	19DYHCN12
	257
	50.7
	1.26
	♂
	IV
	2



	19DYHCN13
	265
	57.2
	1.35
	♂
	IV
	3



	19DYHCN14
	269
	59.2
	1.21
	♂
	III
	2



	19DYHCN15
	270
	63.6
	1.26
	♀
	IV
	2



	19DYHCN16
	249
	54.9
	1.22
	♂
	IV
	2



	19DYHCN17
	255
	55.6
	1.32
	♂
	III
	2



	19DYHCN18
	249
	50.7
	1.18
	♂
	IV
	2



	19DYHCN19
	231
	40.7
	1.24
	♀
	IV
	2



	19DYHCN20
	224
	30.3
	1.26
	♂
	III
	2



	19DYHCN21
	193
	30.3
	1.20
	♂
	IV
	2



	19DYHCN22
	213
	34.9
	1.21
	♂
	III
	2



	19DYHCN23
	227
	33.2
	1.20
	♀
	IV
	2



	19DYHCN24
	214
	24.7
	1.19
	♀
	III
	2



	19DYHCN25
	217
	30.4
	1.22
	♀
	III
	2







Note: Fish age was determined by the annuli marks in the otolith [3].
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