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Background

Re-openings of estuary barrages for ecosystem restoration are rare globally. The Nakdong River Estuary (NRE), South Korea, provides a unique opportunity to assess the effects of temporary barrage re-opening on fish population structure.





Methods

We conducted monthly fish population surveys both upstream and downstream of the estuary barrage from 2021 to 2023, categorizing results into closing period (CP) and opening period (OP).





Results

During the OP, we observed shifts in fish distribution, including decreased proportions of non-indigenous species and altered habitat distributions. Additionally, we observed an increase in brackish water species populations and their upstream movement. Monthly frequency analysis revealed that brackish and non-indigenous species exhibited high frequencies mainly during OP (July to October), while freshwater (demersal) species showed low frequencies during the same period.





Discussion

Our study highlights the significant impact of temporary estuarine ecosystem restoration on fish distribution and emphasizes the need for careful consideration of both frequency and duration of estuary barrage re-openings.
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1 Introduction

Estuarine ecosystems represent unique environments that are defined as semi-enclosed coastal waters connected to the sea, either permanently or periodically, with salinity levels different from those of the adjacent open ocean due to freshwater inputs, resulting in characteristic biota (Barnabe and Barnabe-Quet, 2000; Pinckney et al., 2001; Elliott and Whitfield, 2011). These dynamic systems support a diverse range of habitats that form in brackish waters where nutrients from seawater and freshwater converge (Day et al., 2012; Snedden et al., 2013). Consequently, these habitats not only act as migration corridors for fish moving between marine and freshwater areas but also provide several essential functions that optimize fish survival, development and growth (Jensen et al., 2010; Dimitriadis et al., 2012). This is well-documented from major estuarine systems worldwide, such as the Rhine Delta in the Netherlands (Smit et al., 1997), the Elbe Estuary in Germany (Heininger et al., 2015) and Australia’s Murray River system (Thom et al., 2020), where restoration efforts have focused on maintaining connectivity between marine and freshwater environments. Furthermore, the expansion of fish mobility through these connected systems may stabilize the food web in the ecosystems and increase fish stocks (Mann, 1993; Winemiller and Jepsen, 1998). However, over the past century, estuary barrages built for various purposes such as urbanization, tidal power generation and traffic management, have diminished or eliminated brackish water areas connecting saltwater and freshwater areas (Burt and Rees, 2001; Kidd et al., 2015).

Changes in estuarine ecosystems, particularly the loss of brackish water areas, reduce biodiversity by eliminating specialized brackish water species (Cognetti and Maltagliati, 2000; Wolff, 2000). Specifically, conversion to freshwater environments impacts diadromous fish species that require brackish zones for migration (Pihl et al., 2002) and affects the overall fish community, as many fish species are highly sensitive to alterations in environmental conditions (Baptista et al., 2010; Sievert et al., 2016).

Despite the importance of estuarine ecosystems, brackish water areas are disappearing, and various approaches for conservation and restoration have been proposed (Elliott et al., 2007; Borja et al., 2010; Li et al., 2022). These restoration approaches include: (1) creation of small inlets in dams and dam removal (Ysebaert et al., 2016; Bellmore et al., 2019; Abbott et al., 2020; Karim et al., 2021; Morley et al., 2020); (2) adoption of environmentally friendly operations such as water quality management and reduced sediment discharge (McKenney and Kiesecker, 2010; Li et al., 2013; Tickner et al., 2020); (3) designation of protected areas such as Ramsar wetlands (Kumar and Pattnaik, 2012; Bowman, 2013; Bridgewater and Kim, 2021). These approaches present significant challenges. Dam removal often involves extensive physical infrastructure changes, complex permitting processes and high one-time costs (Catalano et al., 2007; Gardner et al., 2013; Poulos and Chernoff, 2017). In contrast, water quality management typically requires long-term investments in infrastructure, land use modifications and sustained policy enforcement to achieve desired outcomes.

Furthermore, studies examining fish communities following the restoration of brackish water areas where estuarine barrages have been built provide important insights into ecosystem recovery processes (Abbott et al., 2020). However, comprehensive evaluations of fish community responses to temporary barrage openings remain limited, particularly in monsoon-affected estuarine systems.

In South Korea, the connection between rivers and the sea has been severed by the construction of the Nakdong River Estuary (NRE) barrage (Park et al., 2020). As the Four Major Rivers Project progressed, water depth increased, land habitat diversity decreased (Song and Lynch, 2018). Consequently, the NRE habitat changed, non-indigenous species have become dominant, and species diversity has rapidly declined (Yoon et al., 2016; Jo et al., 2019). Recognizing these issues, the Korean government is experimenting with re-opening NRE to form brackish water areas aiming to restore species diversity (Choi et al., 2023). In some areas, restoration plans have been realized through temporary opening of estuary barrages. However, previous studies have primarily focused on water quality and zooplankton communities, with limited evaluation of fish community responses (Chung and Kang, 2013; Ahn et al., 2014; Im et al., 2020; Kim et al., 2022). Therefore, the re-opening of the NRE provides an opportunity to explore the ecological consequences of these changes (Baird et al., 2020).

Identifying patterns in ecosystem dynamics helps to develop management plans, understand ecosystem characteristics and comprehend marine, brackish and freshwater ecosystems (Heino and Mykrä, 2006; Hwang et al., 2010). The relationship between ecosystem structure and function is complex; therefore, it is necessary to use ecologically appropriate methods to identify ecosystem patterns (Olden et al., 2008). Self-organizing map (SOM) systems using these networks are powerful methods for elucidating complex ecosystem dynamics (Astel et al., 2007; Li et al., 2018; Amiri and Nakagawa, 2021). We investigated changes in fish distribution during the closing period (CP) and opening period (OP) of the NRE. We used SOM analysis to (1) observe fish distribution in the NRE over three years (2021-2023), (2) to investigate changes in fish distribution according to the ecological characteristics of CP and OP in the NRE, and (3) to discuss the elaboration an appropriate estuary barrage opening protocol and management based on our results. We hypothesized that the temporary formation of estuarine ecosystems would have a strong influence on the fish distribution depending on their ecological characteristics.




2 Materials and methods



2.1 Study area description and NRE re-opening protocol

The Nakdong River is South Korea’s longest waterway, boasting an expansive drainage area of approximately 23,384 km2 stretching across 510 km. In South Korea, a substantial amount of rainfall occurs during the summer monsoon, whereas winter experiences a comparatively low rainfall. Consequently, the construction of dams capable of storing the available freshwater is important. Constructed between 1983 and 1987, the Nakdong River barrage (35°08′20.3″N, 128°57′26.2″E) was established to function as a sustainable water supply and to control salt intrusion (Park et al., 2008). The barrage consists of 10 sluices, including four regulatory gates (length: 47.5 m, height: 8.3 m) and six main gates (length: 47.5 m, height: 9.2 m). The regulatory gate (gate 9) predominantly releases freshwater downstream during the rainy season (typically July–August) and low tides, effectively upholding the water level. In contrast, the main gates typically remain sealed. When opening commenced, only one regulatory gate (gate number 9) was utilized (Figures 1A, C; Supplementary Figure S1A). The regulatory gate is operated by adjusting either the lower chamber (Supplementary Figure S1B) or the upper section (Supplementary Figure S1C; Supporting Information). Thirteen regulatory gate re-openings occurred during the field survey period from 2021 to 2023 (Supplementary Table S1). To assess the impact of the NRE re-opening, we conducted 27 surveys—12 CPs and 15 OPs in the NRE (Supplementary Table S2).

[image: Map and graphs displaying salinity levels at various sites along a river. Panel A shows a map with sampling sites labeled A-1, A-2, A-3, B, C, D, E, and F. Panels B and C are depth profiles with salinity gradients indicated by color, ranging from blue (lower salinity) to red (higher salinity). Sites B, C, D, E, and F are marked, with depth (meters) on the vertical axis and distance from the NEB (kilometers) on the horizontal axis. The salinity scale is depicted in practical salinity units (PSU).]
Figure 1 | Description of study sites in NRE (A). Cross-sectional views show the amount of seawater during the closing period (CP) in the NRE (B) and the intrusion of 9,300,000 tons of seawater during the opening period (OP) in the NRE (C). Site A comprises the sum of the three sites exposed to seawater. The blue colours and S represent the mean penetration distance of saltwater after the opening of the NRE. The amount of salt is represented by colours ranging from blue (0) to red (greater than 9.5).




2.2 Field survey and data collection

To analyze the spatiotemporal changes in fish assemblages resulting from the opening of the NRE, we conducted fish sampling at eight study sites located upstream of the NRE (Figure 1; Supplementary Table S3). The survey was divided into upstream and downstream sites based on the NRE. The three sites downstream of the NRE were regarded as equally affected by seawater and termed Site A (K-water, 2022). Additionally, five locations (B: 1 km, C: 4 km, D: 8 km, E: 12 km, F: 15 km) upstream of the NRE were investigated. The maximum penetration distance (S) of saltwater during the survey period was determined by referencing the average salinity distribution data presented in a report (Figure 1; Water Resources Management Information System (WAMIS), 2023). Fish were sampled monthly from March 2021 to August 2023 (Supplementary Table S3). Many winter season samples (December–February) were excluded because the study area is protected as a cultural heritage area for wintering birds. A total of 162 samples were collected from eight sites. The sampling sites encompassed diverse habitat types characteristic of estuarine environments. Sites A, situated downstream of the NRE, were characterized by sandy substrate with tidal influence and minimal vegetation coverage. The upstream sites (B–F) featured two distinct habitat zones: riparian zones with sandy riverbeds supporting submerged and emergent aquatic vegetation (predominantly Phragmites australis and Typha orientalis), and central channel zones with muddy substrates and sparse vegetation coverage. This habitat heterogeneity across the salinity gradient allowed for comprehensive sampling across different substrate types, vegetation conditions, and salinity regimes typical of transitional estuarine environments.

The fish sampling methodology followed the standardized protocols established by the National Institute of Environmental Research (National Institute of Environmental Research (NIER), 2017), validated in previous studies in the NRE (Yoon et al., 2016; Park et al., 2020). The survey sites were categorized into saltwater and freshwater regions, with sampling conducted using multiple gear types to ensure comprehensive coverage of fish assemblages. In saltwater areas, fish were collected using two types of standardized gillnets (12-hour deployment; 4-node: 40 × 40 mm mesh size, length 50 m, height 1.5 m; 12-node: 12 × 12 mm mesh size, length 50 m, height 0.85 m) and fish traps (48-hour deployment; mesh: 15 × 15 mm, width 1.5 m, number of traps: 60) following NIER protocols. In the freshwater areas (sites B–F), surveys were conducted using both active and passive gear types to sample fish in the central and riparian zones. For riparian zones, sampling included scoop nets (4 × 4 mm mesh size; 30-min sampling along a 100 m transect from downstream to upstream) and casting nets (6 × 6 mm mesh size; 10 casts per survey). In the central zones, fixed shore-nets (48-hour deployment; mesh: 4 × 4 mm, height: 2 m, leader net: 20 m, three fish traps attached), the aforementioned gill nets and longline fishing (24-hour deployment; needle length: 16.3 mm, barb length: 9.2 mm, barb width: 8.1 mm, number of needles per basket: 100) were employed. This standardized multi-gear approach, consistent with previous studies in this system (Yoon et al., 2016), ensured comprehensive sampling across different microhabitats and temporal periods.

The collected fish were identified as described by Kim and Park (2002) and then released. The species list was classified by Nelson (2006). However, non-indigenous species such as largemouth bass (Micropterus salmoides) and bluegill (Lepomis macrochirus) were not released, as required by regulations by the Act on the Conservation and Use of Biological Diversity (Act No. 14513, Dec. 27, 2016, Ministry of the Environment). Fish were classified based on historical records of their geographical distribution to assess the impact of barrage operations on different species origins. This classification system included four categories: endemic species (native and found only in South Korea), native species (native but also found in other countries), translocated species (introduced from other basins within South Korea) and non-indigenous species (introduced from other countries) (Kim and Park, 2002). Additionally, fish were classified according to their habitat characteristics by referring to FishBase to understand species-specific responses to salinity changes (see FishBase: http://www.fishbase.org/search.php). Morphological parameters (length ± 0.1 cm, weight ± 0.1 g) of the collected fish were measured immediately after capture.




2.3 Water quality measurements and data collection

We measured water quality variables to quantify environmental changes associated with barrage operations and establish the relationship between physical-chemical conditions and fish community responses. These measurements included. We measured water quality variables during daytime (09:00-12:00) in connection with the fish samplings, including water temperature, dissolved oxygen (DO), biological oxygen demand (BOD) and surface water conductivity. At each site, salinity was measured in upper (surface water), middle and bottom water based on the maximum water depth. Additionally, we collected water samples (2 L at 0.5 m depth) from the fish sampling site to determine total nitrogen (TN), total phosphorus (TP), CP and OP in the NRE. A DO meter (YSI Model 58, USA) was used to measure water temperature and DO, and conductivity and salinity were measured using a conductivity meter (YSI model 152; Yellow Springs Instruments, Yellow Springs, OH, USA). TP was determined as molybdate reactive phosphorus (Murphy and Riley, 1962) following persulfate digestion (Koroleff, 1970), and TN was determined as nitrite after potassium persulfate digestion (Solorzano and Sharp, 1980). Water quality data for 2021 that could not be measured during the same period were collected from reports (Water Resources Management Information System (WAMIS), 2023).




2.4 Self-organizing map analysis with sampling data during CP and OP in the NRE

Self-organizing map (SOM) analysis was performed to compare the patterns of CP and OP fish sampling data in the NRE. A SOM is an algorithm that reduces data dimensionality (Kohonen, 1989). The Kohonen network is a competitive network system in which neurones in a Euclidean map space compete. The SOM training was performed using a series of fish sampling data obtained from each site. A detailed description of the SOM modelling analysis is provided in the Methods section of the appendix. In total, 162 data samples (CP 67 and OP 95) were collected for each variable. There are no strict rules regarding the number of output neurones that should be obtained (Park et al., 2007); therefore, we trained the SOM with different map sizes to choose a suitable model. A batch-learning algorithm was used. After training, the data were clustered according to the calculated U-matrix, which provided the dissimilarity between the data samples on the map plane. Clustering mostly focused on organizing distribution patterns into clusters based on (1) different discrete series of species at the sites and (2) CP and OP in the NRE. Matlab 6.1 and a SOM coding solution based on the SOM Toolbox for MATLAB (Vesanto et al., 2000) were used to develop the SOM model. Through the above SOM analysis, the clustered nodes were compared with a dendrogram, leading to the division of the clusters into five groups. These separated clusters were considered fish ecological characteristic types by comparison with the clustering results of each fish species (Cluster 1: freshwater (benthopelagic), Cluster 2: marine, Cluster 3: freshwater (demersal), Cluster 4: non- indigenous, Cluster 5: brackish; Figure 2; Supplementary Figure S2). Additionally, the number of nodes within each of the five clusters was tallied, and the distribution ratio was calculated for each study site.

[image: Panel A presents a color-coded hexagonal grid divided into five numbered segments with red dashed lines. Panel B shows another hexagonal grid with a gradient color scale from 0.15 to 0.5, also marked by red dashed lines. Panel C is a dendrogram with clusters and a red dashed threshold line at height 1.]
Figure 2 | Results of self-organising map (SOM) clustering. (A) Clustering of cells on the map plane by five groups; (B) U-matrix; (C) Dendrogram showing the dissimilarity of cells in the map.




2.5 Data analysis and statistics

We conducted all analyses using individual fish collected from the six study sites designated A–F (Figure 1). In the seawater area, analysis was conducted by combining the three seawater sites into one (Site A) owing to variations in sampling gear, differences in survey site width and the small number of individuals collected. All gear types were deployed simultaneously at each site following standardized protocols, with consistent sampling effort across sites. While different gear types have different catch efficiencies, the concurrent deployment of multiple gear types provides a comprehensive representation of the fish assemblage at each site. This approach has been validated in previous studies of this system (Yoon et al., 2016; Park et al., 2020) and ensures that sampling bias remains consistent across all sites, allowing reliable site-to-site comparisons.

The collected fish were categorized into five types based on their ecological characteristics: freshwater (benthopelagic and demersal), non-indigenous, brackish and marine species. To assess the impact of CP and OP on the NRE, the collection rate was examined according to the study site (from site A to site F) where the samples were collected. The number of individuals collected in each period (individual numbers/sample) was divided by the total number of samples to standardize the collection rates of CP and OP in the NRE.

The data were analyzed using SPSS software version 19. Water quality data, including salinity, were categorized into CP and OP groups for the six study sites, and significance was assessed through an independent t-test. An independent SPSS t-test was used to compare the means of water temperature, dissolved oxygen, biological oxygen demand, total nitrogen, total phosphorus, and conductivity between CP and OP. A significance level of P < 0.05 was applied in all analyses. To account for multiple comparisons across different variables and sites, Bonferroni correction was applied to adjust p-values, with statistical significance maintained at α = 0.05.





3 Results



3.1 Change in water quality CP and OP in NRE

We observed increased salinity with depth during the OP from site B to site D (upstream of the dam) (Table 1; P < 0.05). The seawater sites showed no significant differences in salinity at any depth during either CP or OP. At site B, salinity increased at all depths during the OP (P < 0.05), whereas at sites C and D salinity increased at all depths (P < 0.05) except for the bottom layer.


Table 1 | Comparison of salinity values (psu) in upper, middle, and bottom waters during the closing and opening periods of the NRE.
	Sites
	Depth
	Closing period (n= 12)
	Opening period (n= 15)


	Mean
	Standard deviation
	Standard error
	Min.
	Max.
	Mean
	Standard deviation
	Standard error
	Min.
	Max.



	A
	Upper
	15.94
	1.20
	6.03
	13.37
	17.24
	19.74
	4.85
	5.10
	12.13
	28.82


	Middle
	19.57
	1.55
	7.40
	18.69
	22.38
	23.20
	6.32
	5.99
	14.08
	32.93


	Bottom
	16.08
	5.47
	6.08
	12.90
	25.08
	21.20
	9.47
	5.47
	8.50
	35.24


	B
	Upper *
	0.11
	0.02
	0.04
	0.10
	0.16
	0.23
	0.14
	0.06
	0.10
	0.52


	Middle *
	0.11
	0.03
	0.04
	0.10
	0.17
	0.23
	0.13
	0.06
	0.10
	0.52


	Bottom *
	0.11
	0.03
	0.04
	0.10
	0.17
	0.25
	0.13
	0.07
	0.10
	0.52


	C
	Upper *
	0.11
	0.02
	0.04
	0.10
	0.15
	0.18
	0.09
	0.05
	0.08
	0.35


	Middle *
	0.11
	0.02
	0.04
	0.10
	0.15
	0.20
	0.10
	0.05
	0.08
	0.35


	Bottom
	0.11
	0.02
	0.04
	0.10
	0.15
	0.15
	0.08
	0.04
	0.08
	0.34


	D
	Upper *
	0.11
	0.02
	0.04
	0.10
	0.15
	0.16
	0.06
	0.04
	0.08
	0.28


	Middle *
	0.11
	0.02
	0.04
	0.10
	0.15
	0.17
	0.07
	0.04
	0.08
	0.29


	Bottom
	0.11
	0.02
	0.04
	0.10
	0.15
	0.14
	0.05
	0.04
	0.08
	0.24


	E
	Upper
	0.11
	0.02
	0.04
	0.10
	0.15
	0.15
	0.05
	0.04
	0.08
	0.24


	Middle
	0.11
	0.02
	0.04
	0.10
	0.15
	0.14
	0.04
	0.04
	0.08
	0.20


	Bottom
	0.11
	0.02
	0.04
	0.10
	0.16
	0.13
	0.03
	0.04
	0.09
	0.17


	F
	Upper
	0.11
	0.02
	0.04
	0.10
	0.15
	0.13
	0.05
	0.03
	0.09
	0.25


	Middle
	0.11
	0.02
	0.04
	0.10
	0.15
	0.14
	0.05
	0.03
	0.09
	0.25


	Bottom
	0.11
	0.02
	0.04
	0.10
	0.15
	0.11
	0.02
	0.03
	0.09
	0.16





 Bold characters indicate significant p-values; *p < 0.05.



Water quality exhibited significant differences in DO, TN and conductivity values between CP and OP, whereas other water quality variables (water temperature, BOD and TP) did not change (Supplementary Table S4). Specifically, DO values were significantly different at site B (P= 0.029) and TN from sites B to E (B: P = 0.001; C: P = 0.001; D: P = 0.001; E: P = 0.001).

A noticeable difference in conductivity, indicative of salinity inflow, was observed in the OP. Conductivity increased significantly at sites A and C (A: P = 0.001; B: P = 0.017; C: P = 0.017). Although water temperature and BOD showed no statistically significant differences, they remained relatively lower than those of CP. DO, which was closely related to water temperature, exhibited an inverse relationship and tended to increase in OP.




3.2 Clustering of data on fish individuals according to ecological characteristics

Based on the fish data, the best SOM model consisted of 54 output neurones arranged in nine rows and six columns, and the training results were satisfactory (quantization error, 0.982; topographic error, 0.043) (Figure 2). The U-matrix generated from the trained model provided five clusters (Figure 2B). The map characteristics were determined by comparing the changing patterns of the input variables on the map (Supplementary Figure S2). Each cluster was divided into five sample sets according to the ecological characteristics: freshwater (benthopelagic) (cluster 1: upper left; blue), marine (cluster 2: lower left; sky-blue), freshwater (demersal) (cluster 3: middle left; green), non-indigenous (cluster 4: lower right; orange) and brackish (cluster 5: upper right; red) segments (Figure 2A; Supplementary Figure S2).

Examination of the distribution characteristics of each cluster revealed that freshwater species were primarily found in the middle and upper parts of the NRE sites (Figure 3). Non-indigenous species were distributed in the middle, whereas brackish species were mainly found in the seawater and the upper parts of the NRE sites (Figure 3). Marine species were predominantly distributed at sites A and B, adjacent to the seawater, with some being present even in the upper part of the NRE (site F) (Figure 3). When analyzing the monthly frequency of fish collected for each cluster, freshwater species were mainly collected in October, whereas non-indigenous species were predominantly observed from September to November (Figure 4). Brackish species were predominantly collected in July, while marine species were mainly collected in November (Figure 4).

[image: Map depicting six sites labeled A to F along a waterway, with pie charts showing proportions of aquatic biodiversity types: freshwater benthopelagic, freshwater demersal, marine, brackish, and non-indigenous species. An inset legend defines these categories. Scale included at the bottom.]
Figure 3 | Distribution of individual fish SOM data in terms of spatial changes. (A) denotes the seawater study site, and (B–F) are the study sites based on their distances from the NRE. Each colour represents the concentrated clustering proportion corresponding to the species type. Blue, freshwater (benthopelagic); green, freshwater (demersal); orange, non-indigenous; red, brackish; sky blue, marine.

[image: Graphs A to E show the number of nodes for different fish types over months. A, Freshwater (benthopelagic), stays mostly stable with a dip mid-year. B, Freshwater (demersal), decreases mid-year. C, Non-indigenous, steadily increases. D, Brackish, peaks mid-year then drops. E, Marine, fluctuates with a mid-year low.]
Figure 4 | Monthly distribution of individual fish data based on the self-organising map analysis. (A) freshwater (benthopelagic); (B) freshwater (demersal); (C) non-indigenous; (D) brackish; (E) marine.




3.3 Clustering of the study sites CP and OP in NRE

When comparing the collected fish frequency of each cluster in CP and OP, we observed changes in the distribution pattern following re-opening (Figure 5). Freshwater (benthopelagic) species were distributed only at sites D, E and F during CP but occurred at all freshwater sites (B-F) during OP. In CP, freshwater (demersal) species were distributed from site C to site F. However, in OP, these species were primarily found at sites E and F (Figure 5). Non-indigenous species, dominant at sites B and D (> 50% in CP), were concentrated at site D in OP. Brackish species, initially distributed from the middle part (site C) to the end part (site F) during CP, primarily inhabited the middle area (site D) during OP. Marine species, predominantly distributed in saltwater areas (site A), showed an expanded distribution range to include freshwater areas E during OP. When comparing the abundance of fish species to each ecological characteristic in CP and OP, the contribution of brackish species tended to increase during OP, while other species showed a decreasing tendency (Figure 5). Overall, the abundance of both freshwater and marine species decreased in OP. The abundances of the non-indigenous species M. salmoides and L. macrochirus the abundance tended to decrease in the OP, whereas Erythroculter erythropterus showed increased abundance at sites B and C. Anguilla japonica, a brackish species, was concentrated at sites C and D during OP and showed increasing abundance. Plecoglossus altivelis, not collected in CP, occurred from sites C to F during OP. The distribution area of Rhinogobius giurinus expanded from sites B to F during OP, and abundance also increased (Table 2).
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Figure 5 | Distribution of individual fish data on the self-organising map depicting spatiotemporal changes in CP (A) and OP (B) in the NRE. (A) denotes the seawater study site, and (B–F) correspond to the study sites based on their distances from the NRE. Each colour represents the concentrated clustering proportion corresponding to the species type. Blue: freshwater (benthopelagic); green: freshwater (demersal); orange: non-indigenous; red: brackish; sky blue: marine.


Table 2 | Comparison of changes in the abundance and spatial distribution of CP (C) and OP (O) fish species in the NRE.
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Colors represent different species types: blue (freshwater benthopelagic), green (freshwater demersal), orange (non-indigenous), red (brackish), light blue (marine).







4 Discussion

Our results provide evidence that temporary opening of the NRE caused significant alterations in fish population structure. Previous studies have typically observed an increase in the abundance of brackish species with the complete opening of estuarine barrages (Poulos and Chernoff, 2017; Hansen et al., 2023). Surprisingly, our results indicated that the abundance of brackish species increased even with the temporary opening of NRE (Table 2). Additionally, we noted a reduction in the distribution range of freshwater (demersal) species and a decline in the abundance of non-indigenous species (Table 2; Figure 5).



4.1 Changes in fish population structures during the CP and OP of the NRE

We found that the temporary salt intrusion extended up to 5 km from the NRE (site D; Table 1), and the subsequent changes led to an expansion of the distribution area and increased abundance of brackish species, a shift in the distribution area of non-indigenous species and a decline in non-indigenous species abundance (Table 2; Figure 5).

Brackish species, which prefer high salinity environments (Franco et al., 2019), experienced an increased distribution range and population as salinity expanded during the OP in our study area. Previous studies involving complete dam removal have shown an increase in brackish species, including Anguillidae, which thrive at high salinity (Edeline et al., 2005; Foley et al., 2017; Fukuda et al., 2019). We observed an increase in A. japonica, exhibiting migratory behavior, during the OP (Table 2). Conversely, the occurrence frequency of freshwater (demersal) species decreased during the same period (Figure 4). While freshwater fish species typically exhibit salt avoidance behavior (Zhou et al., 2022), demersal species seem less capable of swimming and did not avoid temporary salt intrusion as effectively as benthopelagic species (Kim et al., 2001; Leis et al., 2009). In particular, Leiocassis nitidus, known for feeding in the lower depth layer (Kim et al., 2001), may have been hampered by the salinity increase here during the OP. An increase in the population and occurrence frequency of brackish fish species was observed during the OP. Opening estuary barrages during the migration period of brackish species to facilitate their migration may enhance fish diversity in estuarine ecosystems (Tamario et al., 2019). Therefore, we propose that opening the estuary barrage during the migration period of brackish fish species is a viable approach to enhance fish diversity in estuarine ecosystems.

Non-indigenous species generally exhibited similar behavioral patterns to freshwater species, demonstrating salt avoidance. Our results showed salt intrusion up to 5 km from the NRE, suggesting that the decline in non-indigenous species may be linked to salinity avoidance behavior. Since most freshwater fish demonstrate such behavior (James et al., 2003; Kumar et al., 2018), the non-indigenous species in our study experienced population declines and distribution shifts upstream during the OP. Our results also revealed a decrease in the contribution of some non-indigenous species (e.g., M. salmoides and L. macrochirus) but not for the entire non-indigenous community. In contrast to other non-indigenous species, E. erythropterus was not affected; instead, its contribution increased during the OP. Some previous studies reported that non-indigenous fish species initially move to areas with relatively low salinity to avoid salty conditions but eventually adapted (Schofield et al., 2006; Capps et al., 2011; Nepal and Fabrizio, 2019). Therefore, it appears that E. erythropterus adapted to salinity and did not exhibit avoidance behavior. In a study of avoidance behavior of M. salmoides, Meador and Kelso (1990) reported a significant decrease in growth rate with increasing salinity, while all died at 12‰. In our study area, salt intrusion reached 1‰ near 3 km from the NRE (Supplementary Table S4), and the maximum salinity value reached up to 9‰ during the longest sluice opening of NRE (Figure 1). These increases are sufficient to trigger avoidance behavior in M. salmoides during the OP. Therefore, temporary salinity intrusion during the OP may create shifts in the contribution of the different non-indigenous species.




4.2 Suggestions for the NRE barrage re-opening management protocol for restoration of the estuarine ecosystem

Given the multiple functions of estuary barrages, complete opening or removal presents significant challenges (Burt and Rees, 2001; Kidd et al., 2015). Therefore, we propose a strategy of estuarine restoration by optimizing temporary sluice openings. Our results show a relatively low occurrence frequency of brackish species from February to April (Figure 4), coinciding with the migration period of brackish species (A. japonica: Cheng and Tzeng, 1996; Tsukamoto, 2006; P. altivelis: Aritomi et al., 2017; Hyporhamphus sajori: Yu et al., 2016). Therefore, future research should examine the effects of implementing regular monthly sluice operations during the peak migration period (February to April) for brackish water species. Based on previous studies of estuarine restoration (Montagna et al., 2022) and controlled flow management in similar systems (Gardner et al., 2016), a systematic monitoring program could evaluate fish responses to different opening frequencies and durations. Such research could assess how regular opening patterns influence the formation and persistence of estuarine conditions, potentially enhancing fish species diversity through extended periods of habitat availability for brackish species. Our study demonstrated that partial sluice operation (one of 10 sluices) can help control non-indigenous species, with potential for more effective management through multiple sluice operations. However, managing salt intrusion requires careful balance of multiple stakeholder needs. Our results demonstrated that while increased saltwater intrusion can help control non-indigenous species, it can adversely affect salt-sensitive native species like L. nitidus. In monsoon-affected estuarine ecosystems with 5th-9th order streams, uncontrolled salt intrusion can extend approximately 50 km upstream (Post, 1984). This presents significant management challenges as salinity levels above 0.3‰ can impact drinking water quality and industrial use (Kim et al., 2018), while agricultural activities require freshwater conditions (Ha et al., 2003).

Based on successful management approaches in similar systems (Weng et al., 2020; Kwak et al., 2023), we propose an adaptive management framework for the NRE. The opening and closing of sluice gates should ideally mimic natural patterns of seasonal freshwater flows to maintain salinity variations as close as possible to historical estuarine conditions. Our proposed spring opening schedule (March-May) aligns with natural peak flow periods and fish migration timing, representing an approach that works with rather than against natural hydrological cycles. Deviations from natural flow patterns should only be considered under specific, well-justified management scenarios, such as extreme drought or flood events that require adaptive responses to protect both ecological integrity and human water security. A comprehensive monitoring program should be established to track native species distributions and their salt tolerance thresholds throughout the system. This monitoring would inform the development of specific salinity targets that optimize ecological benefits while protecting stakeholder water needs. The sluice operation protocols should be designed with sufficient flexibility to respond to seasonal variations and monitoring results, allowing adjustments based on both environmental conditions and species responses. Additionally, implementing an early warning system for critical salinity thresholds would enable proactive management responses to protect both ecological and human water use requirements. This integrated approach would allow for dynamic management of salt intrusion while maintaining the balance between ecosystem restoration and essential water uses.

To enhance the system’s resilience to environmental changes, this adaptive framework should also incorporate contingency plans for extreme scenarios (Weng et al., 2020). During prolonged drought events, the sluice operation protocol may need to prioritize maintaining minimum freshwater flows while implementing more frequent but shorter duration openings to manage salt intrusion (Adams, 2014). Conversely, during extreme rainfall events, extended barrage openings may be necessary to prevent flooding while monitoring salinity impacts on estuarine species (Kim et al., 2021). Long-term climate change scenarios, such as sea level rise and altered precipitation patterns, will require periodic reassessment of salinity targets and operational protocols (Peirson et al., 2015). These adjustments might include modifications to opening durations, frequencies and timing to maintain ecological functions under changing environmental conditions (Birnie-Gauvin et al., 2017).





5 Conclusions

Our results demonstrated notable changes in the fish population structures during OP in an estuarine ecosystem. Based on our findings, we recommend opening the sluice gates during spring (March-May) for periods of 3–4 weeks to coincide with the peak migration period of brackish species, particularly A. japonica (Japanese eel). The opening regime should aim to achieve salinity levels up to 9‰ at a site approximately 3 km adjacent to NRE (site B). Our data showed that this regime effectively reduced non-indigenous freshwater species abundance (37.2%) while increasing brackish species presence by 86.6%. While previous studies have established general relationships between salinity and fish distribution, our findings quantify the effectiveness of controlled, short-term openings in NRE, demonstrating that even brief salt intrusion episodes can significantly alter community composition. Our results provides managers with a practical, time-bounded approach for achieving desired ecological outcomes in regulated estuaries. Future research should focus on optimizing opening durations and frequencies across different seasons to develop a comprehensive year-round management strategy.
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