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A B S T R A C T   

River confluences are nodes where the unique hydrological processes of two rivers meet, resulting in complex 
flow structure and water quality mixing processes. Thus, greater food availability and habitat complexity can 
occur at a confluence, making it a hotspot for fish productivity and diversity. Nonetheless, studies that relate fish 
community traits to specific habitat characteristics at large river confluences are limited. Two field surveys were 
conducted at the large confluence between the Yangtze River and the Poyang Lake outflow channel involving fish 
hydroacoustic detection, environmental DNA, and acoustic velocity profiling. The discharge ratios of this 
confluence in two surveys were similar, but the water quality conditions represented by turbidity differed 
greatly. The results demonstrated high spatial heterogeneity of fish density, size, and species near the confluence. 
In the Yangtze River with high flow velocity, the abundance of small-sized fish was substantially higher than that 
in Poyang Lake outflow channel with low velocity, while large-sized fish chose their habitats more freely be
tween the two tributaries and post-confluence channel. The convergence of two tributaries created prominent 
spatial heterogeneity of habitat conditions in the post-confluence channel, thus highest fish abundance and 
species biodiversity occurred there. The species assemblage structure of the local fish community was greatly 
affected by the change of water quality, e.g., the intrusion of a turbid flow from Poyang Lake into the Yangtze 
River, and thus the exchange of fish communities between two tributaries was weakened. The present study 
highlights the ecological importance of river confluence in improving regional fish abundance and species di
versity and provides the theoretical foundation for the conservation and management of the aquatic environment 
at the confluence and in the whole river ecosystem.   

1. Introduction 

Confluences act as critical nodes that connect different tributaries. 
The hydrological processes of the tributaries interact with each other 
and undergo drastic changes at their confluence (Hu et al., 2007; Li 
et al., 2022). The confluence affects the flow structure (Best, 1987; Yuan 
et al., 2016; Rhoads and Johnson, 2018), sediment transport (Riley and 
Rhoads, 2012; Yuan et al., 2018; Pickering and Ford, 2021), bed 
morphology (Best, 1988; Rhoads et al., 2009; Cheng et al., 2019), water 
quality mixing process (Campodonico et al., 2015; Tang et al., 2018; 
Yuan et al., 2019; Zhang et al., 2020) between each tributary, and 

inevitably leads to the formation of a unique and complex ecological 
pattern at the confluence (Rice et al., 2006; Hui et al., 2022). These 
tributaries may often have different habitat characteristics (e.g., tem
perature, suspended-sediment concentration, bed material, water 
chemistry, etc.) affecting the aquatic ecology near the confluence, and 
generally forming a large spectrum of habitat complexity in the post- 
confluence channel (Rice et al., 2006). Therefore, high fish abun
dances of diverse species occur at confluences (Fernandes et al., 2004; 
Röpke et al., 2016). Furthermore, confluences act as the nodal points for 
fish to migrate through the river network, including between rivers and 
lakes, which is necessary for the completion of their life cycle 
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(Northcote, 1996). For instance, confluence hydrodynamics play an 
active role in providing navigation cues for the migration of Chinook 
salmon to spawning habitats (Luis and Pasternack, 2023; Moses et al., 
2019). 

Fish communities are highly structured and the fish distribution 
depends upon a series of selective drivers, ranging from abiotic condi
tions to biotic interactions (Smith and Powell, 1971). The velocity dis
tribution is an important driver for fish physiological processes, such as 
swimming, resting, spawning and predation. Asaeda et al. (2005) indi
cated that fish adopted different feeding behavior and habitat selection 
in varied flow velocities to keep the trade-off between feeding and 
swimming costs. Xu et al. (2017) pointed out that migratory fish need a 
threshold flow velocity to trigger their migration and identify the 
swimming direction. Additionally, in natural flows, the habitat prefer
ences and biological activities of fish are also greatly influenced by 
complex flow structures and parameters (Crowder and Diplas, 2002), 
such as intensity, periodicity, vortex orientation, and vortex scale of the 
turbulence (Lacey et al., 2012), velocity gradient (Dabiri, 2017; Yuan 
et al., 2022a), shear stress (Silva et al., 2012), and other features. 
Scholars defined these spatiotemporal variations of flow patterns as 
hydraulic complexity, applied to investigate the influence on fish be
haviors and identify the characteristics of fish habitats (Crowder and 
Diplas, 2000; Gualtieri et al., 2017, 2020). 

In addition to flow structures, water environmental conditions also 
influence the fish habitat preference (Brown et al., 2004; Kramer, 1987). 
Water temperature is a critical determinant of fish metabolism and 
behavior, especially in influencing the spawning time and reproductive 
capacity of fish, which makes it an important driver for fish migration 
(Wenger et al., 2011). Dissolved oxygen affects fish habitat preferences 
and physiological processes, as both hypoxia and supersaturation can 
significantly reduce the survival rate of fish (Shen et al., 2019). Chlo
rophyll content can indicate the biomass of algae in water, which is an 
important food source for juvenile fish, and its fluctuation leads to long- 
term changes in fish recruitments (Vanni and Layne, 1997; Beaugrand 
et al., 2003). Turbidity largely determines the predator–prey in
teractions, as predator and prey species have differential orientating 
abilities in a turbid environment (Scarabotti et al., 2011; Sutherland and 
Meyer, 2007). 

Flow structures at river confluences are highly complex and have 
three-dimensional features (Sukhodolov et al., 2017; Gualtieri et al., 
2018, 2019). There are six different zones with distinct hydraulic 
characteristics (Best, 1987; Yuan et al., 2022b; Shen et al., 2022), 
namely stagnation zone, flow deflection zone, separation zone, accel
eration zone, shear layer, and recovery zone (Fig. 1). In addition, com
plex coherent structures such as the Kelvin-Helmholtz vortices or wake 
vortices induced by velocity gradient across the shear layer 

(Constantinescu et al., 2011, 2012; Konsoer and Rhoads, 2014), and the 
helical cells formed by the deflection of flow from the tributaries that are 
dominated by streamwise-oriented vortices with strong upwelling or 
downwelling flows are also observed at confluences. These complex flow 
structures play an important role in the mixing process between tribu
taries with different water quality conditions (Best and Roy, 1991; 
Rhoads and Sukhodolov, 2008; Constantinescu et al., 2016; Shen et al., 
2021; Duguay et al., 2022). Xu et al. (2022) observed a slow mixing 
process during high-flow conditions as dual counter-rotating secondary 
cells existed, with the downwelling flow acting as a barrier to prevent 
the exchange of two flows, while a single channel-scale secondary flow 
accelerated the mixing during low-flow conditions at the confluence 
between the Yangtze River and Poyang Lake (near 29.75◦N, 116.22◦E). 
The complex flow structures and distinct distribution pattern of water 
quality at confluences greatly influence the habitat selection of fish 
communities and the processes of fish migration through confluences. 

Previous field surveys have investigated the distribution of fish 
communities and their habitat characteristics at river confluences. 
Braaten and Guy (1999) sampled fish from seven different confluences 
in the Missouri River (near 44.35◦N, 100.37◦W), and concluded that the 
choice of fish habitat strongly depended upon the spatiotemporal 
changes in physicochemical parameters such as discharge and water 
temperature. However, these surveys were conducted in small- and 
medium-scale confluences with width-to-depth ratios of less than 50, 
and the features observed in such confluences might not be represen
tative of large-scale confluences. Large river confluences have a broader 
range of inflow conditions, such as discharge, water quality, sediment 
concentration, and a more prominent habitat heterogeneity for fish 
communities. Also, fixed-point fishing with nets, such as electric fishing 
and gillnet fishing, often fails to capture accurate relations between fish 
distribution and the habitat factors. Nets can only catch fish randomly in 
a large area and cannot demarcate how fish use the microhabitat within 
the area. Furthermore, while some field studies have associated spatial 
distributions and movement processes of fish to hydraulic characteris
tics of the river (e.g., Bergman et al., 2023), most studies relating 
swimming behavior of fish and their spatial distribution to habitat fac
tors have been conducted through laboratory experiments and numeri
cal simulations (Olivetti et al., 2021; Yuan et al., 2022a). Inevitably, 
these results present differences as compared to natural field situations. 

In the present study, two field surveys using non-invasive fish 
detection methods, acoustic Doppler velocity profiling, and water 
quality measurements were carried out at the large confluence between 
the Yangtze River and the Poyang Lake outflow channel. The confluence 
between the Yangtze River and the Poyang Lake outflow channel is a key 
node for the interaction of fish communities in the river and lake. 
Migratory fishes represented by the four major Chinese carps (black 
carp, grass carp, silver carp, and bighead carp), the important com
mercial fish in China, migrate through the confluence every year to 
fulfill the specific habitat requirements at different stages of their life 
history, such as breeding, foraging, escaping from seasonally adverse 
weather conditions, and avoiding predators (Song et al., 2018). 

The present study aims to determine (1) the distribution patterns of 
hydraulic and water quality parameters that influence fish communities; 
(2) the abundance distribution and species assemblage structure of fish 
communities; and (3) the driving effects of those hydraulic and water 
quality parameters on fish communities at a large river confluence. 

It is hypothesized that the large river confluence is a hotspot for fish 
biodiversity, which can substantially increase the abundance and spe
cies diversity of fish community downstream, and the spatiotemporal 
heterogeneity of hydraulic and water quality parameters of the merging 
flows affects different aspects of the distribution of fish communities at 
the confluence. Understanding the driving effect of different hydraulic 
and water quality parameters on the fish community traits at the 
confluence will enrich the knowledge of the ecological process at river 
confluences and support protection and restoration of riverine 
ecosystems. 

Fig. 1. Conceptual model of flow structures at channel confluences proposed 
by Best (1987). 
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Fig. 2. (a) Map of the Yangtze River catchment showing the confluence between the Yangtze River and Poyang Lake is in the middle and lower reaches of the 
Yangtze River (near 29.75◦N, 116.22◦E), the glowing arrows indicate the flow direction of the Yangtze River. (b) Locations of hydrological stations and islands near 
the confluence. (c) General locations of each region at the confluence, and white arrows indicate the flow direction in each region. (d) The light blue dashed lines 
mark the survey trajectory for the fish hydroacoustic detection and water quality measurements. (e) Map of the measurement locations at the confluence. The yellow 
lines mark cross-sections for the measurement of the flow field, while the circular symbols indicate environmental DNA sampling sites. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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2. Methods 

2.1. Study area 

The Yangtze River has one of the largest drainage basins in the world, 
with relatively intact freshwater ecosystems and a quite abundant 
biodiversity. There are 463 species of indigenous fish in the Yangtze 
River catchment, among which 183 species are endemic, accounting for 
half of the total number of endemic fish in China (Lin et al., 2021). 
Poyang Lake Basin is located at the middle and lower reaches of the 
Yangtze River, with an area of 162,200 km2 and accounting for 9 % of 
the Yangtze River catchment. As the largest river-connected lake of the 
Yangtze River, Poyang Lake plays an important role in supporting the 
biodiversity of the whole catchment and provides diverse habitats for 
numerous fish communities. Poyang Lake mainly recharges freshwater 
from the five upstream tributaries, and discharges via the confluence 
between the Yangtze River and the Poyang Lake outflow channel at 
Hukou (near 29.75◦N, 116.24◦E). The confluence is located at about 
900 km downstream of the Three Gorges Dam and is 800 km upstream of 
the Yangtze River estuary (Fig. 2a). Near the Jiujiang Station, Zhangjia 
Island divides the Yangtze River into two branches. The one located on 
the south side of Zhangjia Island meets the Poyang Lake outflow, 
forming a confluence with a meeting angle of about 58◦. It then rejoins 
with the other branch at around 5 km downstream of the confluence at 
an angle of nearly 90◦ (Fig. 2b). 

This study focuses on the confluence between the Yangtze River and 
the Poyang Lake outflow channel. It covers an area of about 14 km2, 
which includes part of the Yangtze River upstream of the confluence 
(hereafter referred to YR), the Poyang Lake outflow channel (PL), and 
the post-confluence channel (PC). The upstream part of the post- 
confluence channel exhibits special hydrodynamic features of conflu
ences and is designated as the near field of the post-confluence channel 
(NPC). The downstream part is specified as the far field of the post- 
confluence channel (FPC). The specific boundaries of each region in 
the present survey are shown in Fig. 2c. 

Two field surveys were carried out at the confluence in April (Survey 
1) and October (Survey 2) 2021. These timings have special significance 
for the reproduction of local fish communities, including spawning, 
hatching, and growth of juvenile fish. In April, the discharge and water 
temperature gradually increase and the reproduction of local fish com
munities takes place. The reproduction period extends to October, when 
there is still a considerable number of newborn juvenile fish entering the 
Poyang Lake from the Yangtze River for rearing (Liu et al., 2019). The 
species assemblage structure of the fish community near the confluence 
does not change significantly unless the habitat environment is modified 

by external disturbance (Yang et al., 2022; Fang et al., 2023). This 
feature enabled us to analyze better the driving effects of changing 
habitat factors on the fish community. Moreover, the flow conditions of 
the river and its tributary were similar during the two surveys according 
to the records of Jiujiang and Hukou hydrology stations (Fig. 3). 
Therefore, it was possible to segregate the effects of water quality factors 
on the fish community, as the controlling hydraulic parameters were 
unchanged. 

2.2. Hydraulic parameters measurements 

An acoustic Doppler current profiler (aDcp), namely a Sontek River 
Surveyor M9 instrument, was used to collect cross-sectional measure
ments of three-dimensional velocity and bed profiles at key locations 
around the confluence. The transducer was anchored on the right side of 
the survey vessel, fixed at 0.5 m under the water surface and aimed 
vertically downward. A total of 18 cross-sections for the two tributaries 
and the post-confluence channel were selected (Fig. 2e). The field pro
cedures for data acquisition and the data post-processing have been 
described in detail in Yuan et al. (2021). 

A hydraulic complexity metric M2 for quantifying and distinguishing 
flows with similar velocity values but different spatially varying flow 
patterns (Crowder and Diplas, 2000) was used to describe the hydraulic 
complexity of fish habitat at the confluence. The metric M2 is propor
tional to the drag force on an organism moving from one location to 
another. It indicates the average rate of change in kinetic energy per unit 
mass and unit length between two points (Gualtieri et al., 2017, 2020), 
and is calculated by: 

M2 = 2vavg

⃒
⃒
⃒
⃒
(v2 − v1)

Δs

⃒
⃒
⃒
⃒

v2
min

(1)  

where v1 and v2 are depth-averaged velocities measured in points 1 and 
2, respectively, with a distance Δs along the direction of the predesigned 
cross-section, vavg is the average value of v1 and v2, and vmin is the 
minimum value of v1 and v2. The median value of the Δs for calculating 
the metric M2 was about 1.5 m, satisfying the general recommendations 
of Crowder and Diplas (2000) which consider the size of fish regarding 
the distance it may travel to obtain food, and similar value of the Δs have 
been used in another large confluence of Negro and Solimões rivers by 
Gualtieri et al. (2020). The metric M2 was computed along each sam
pling cross-section, using depth-averaged velocity profile data acquired 
by aDcp, and its values were interpolated with the kriging procedure. 

Fig. 2. (continued). 
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2.3. Water quality parameters measurements 

Temperature, dissolved oxygen concentration, chlorophyll content 
and turbidity near the water surface were measured using a YSI EXO2 
multi-parameter probe. The EXO2 probe was deployed at the left side of 
the survey vessel, and its sensors were fixed at 0.5 m below the water 

surface. The survey vessel traveled according to the trajectory shown in 
Fig. 2d. The field procedures for data acquisition and the data post- 
processing have been described in detail in Xu et al. (2022). In addi
tion, the water quality data measured at PL, YR, NPC, and FPC were 
respectively averaged across the whole area to determine the original 
water quality conditions in the Yangtze River and Poyang Lake before 
the confluence and the mixing process of the two tributaries in the post- 
confluence channel. 

2.4. Fish hydroacoustic detection 

A BioSonics DT-X split-beam echosounder, with a 430 kHz trans
ducer and 7◦ beam width, was employed for fish hydroacoustic detec
tion, specifically, to detect the abundance and size distribution of fish. 
The echosounder transducer was anchored on the left side of the vessel 
together with the EXO2 probe, with the transducer fixed at 0.5 m under 
the water surface and aimed vertically downward. The measuring route 
was the same as that of the water quality measurements (Fig. 2d). The 
echosounder system was calibrated before the survey using the cali
bration ball. Acoustic data were acquired using BioSonics Visual 

Fig. 3. Annual variation of water level and flow discharge at Jiujiang and Hukou stations in 2021, and timing of the two surveys. The water level is according to the 
frozen base level whose zero datum is 1.91 m higher than that of 1985 National Height Datum. The grey zone corresponds to the survey dates of the two surveys. 

Table 1 
Parameter configuration in Visual Analyzer 4.1.  

Parameters Setting 

Echo Threshold (dB) − 60 
Correlation Factor 0.9 
Min Plus Width Factor 0.75 
Max Plus Width Factor 3 
End Point Criteria (dB) − 12 
Tracking Window (m) 0.2 
Min Consecutive Echoes to Start Track 3 
Min Additional Echoes to Accept Track 0 
Max Ping Gap 2 
Max Pings to Accept Track 50  
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Acquisition software, and the setting of acquisition parameters (e.g., 
pulse duration of 0.1 ms and pulse rate of 4 pps) for the measurement 
was determined according to the site-specific environmental conditions 
such as temperature and salinity. 

The acoustic data were processed with BioSonics Visual Analyzer 
software 4.1. To avoid the interference of the bottom and bubbles near 
the water surface, only data pertaining to depths ranging from 1 m 
below the water surface to 0.5 m above the bottom were analyzed. The 
echo signals were compensated by time varied gain (TVG) depending on 
the range (R, m) between the target to the transducer. A 40log10R TVG 
was applied to the measurements of the Target Strength (TS, the strength 
of a returning echo from an individual fish, served as a fish length proxy 
(Egerton et al., 2021)), whereas a 20log10R TVG was used for the 
measurements of volume backscattering strength (Sv, served as a 

relative proxy for fish biomass (Boswell et al., 2010)). The acoustic data 
were divided into several units at 10 s intervals. The fish density of each 
unit was calculated via echo integration, defined as the backscattering 
coefficient per volume of water (sv, the linear equivalent of Sv) divided 
by the mean cross-sectional backscattering coefficient (σbs, the linear 
equivalent of TS from individual fish). 

It should be noted that the hydroacoustic detection constantly un
dergoes interference from noise, especially in flows with high velocity 
and high suspended sediment concentration (Brehmer et al., 2006). 
Appropriate thresholds and manual correction were adopted to 
enumerate fish targets correctly. For instance, a threshold from − 60 to 
− 25 dB for TS was set to remove the noise from bubbles, plankton, and 

Table 2 
Main hydraulic parameters at the confluence of the Yangtze River and the Poyang Lake outflow channel.  

Region Characteristic parameters Survey 1 in April 2021 Survey 2 in October 2021 

Poyang Lake outflow channel (P3 cross-section) Wetted area APL (km2) 2.24 3.94 
Mean depth HPL (m) 9.72 8.11 
Maximum depth HmaxPL (m) 18.88 19.85 
Discharge QPL (m3/s) 3137 4393 
UPL (m/s) 0.51 0.41 

Yangtze River channel (Y2 cross-section) Wetted area AYR (km2) 3.70 4.65 
Mean depth HYR (m) 8.96 9.07 
Maximum depth HmaxYR (m) 17.36 18.35 
Discharge QYR (m3/s) 10,878 14,176 
UYR (m/s) 0.95 0.98 

Post-confluence channel (C1 cross-section) Channel Width b (m) 2130 2350 
Discharge ratio Qr 0.29 0.31 
Velocity ratio Ur 0.54 0.42 
Momentum ratio Mr 0.16 0.13 

Note: U = average value of the cross-sectional velocity measured with aDcp; Qr = QPL / QYR, Ur = UPL / UYR, Mr = ρPL QPL UPL / (ρYR QYR UYR), assuming ρPL ≈ ρYR, 
where ρ indicates fluid density. 

Fig. 4. Bathymetry of the confluence of the Yangtze River and the Poyang Lake 
outflow channel during Surveys 1 and 2. 

Fig. 5. Map of the depth-averaged velocities about the confluence of the 
Yangtze River and the Poyang Lake outflow channel during Surveys 1 and 2. 
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other targets smaller than 2 cm or larger than 120 cm. The values of the 
remaining fish tracking parameters are listed in Table 1. The calculated 
fish density data were subsequently exported and interpolated by the 
ordinary kriging method. 

Fish sizes were obtained from TS based on an empirical equation of 
Love (1971): 

TS = 19.11log10L − 0.9log10F − 62 (2)  

where L means the length of fish and F means the frequency of the 
transducer (F = 430 Hz in this work). To compare the differences in fish 

sizes among different survey areas, detected fish were divided into 
small-, mid-, and large-sized categories according to their length, using 
the classification method of Bean et al. (1996). Length of each size 
category ranges from 2 cm < L < 20 cm (− 60 to − 40 dB), 20 cm < L <
60 cm (− 40 to − 30 dB), and L > 60 cm (greater than − 30 dB). 

2.5. Environmental DNA sampling and analysis 

Environmental DNA offers a powerful tool capable of sensitively 
detecting fish species and approximatively reflecting the relative 
abundance of different species (Hänfling et al., 2016). In the present 
study, environmental DNA was sampled immediately following the 
hydroacoustic detection at 10 predesigned sites shown in Fig. 2d. The 
sampling sites were set at suitable distance from each other to ensure 
adequate coverage of the study area and to avoid interference between 
samples. Two sampling sites were set on cross-sections I-L and P1, 
respectively, to ascertain the fish species in the Yangtze River and 
Poyang Lake. Two sampling sites on cross-sections C2, C5, C7, and C10 
in the post-confluence channel were selected to investigate the differ
ence in fish species assemblage structure across the two sides of the 
channel. Sampling sites on the same side of the channel were at least 1 
km apart, to minimize the accumulation of the upstream eDNA particles 
to downstream, as Jo and Yamanaka (2022) simulated the transport 
distance of eDNA particles downstream in lotic systems and found that 
nearly 95 % of eDNA particles were deposited when transported over 1 
km. Three surface-water samples of 1 L volume were collected using 
sterile bottles at each site, and a bottle of ultrapure water was placed at 
the same time among the sampling bottles as a reference to check 
contamination during the sampling processes. Samples were vacuum 
filtered through a 0.45 μm filter membrane within 24 h. After filtration, 
the used membranes were folded up, placed in centrifuge tubes, and 
stored at − 20 ℃ for extraction on the following day. 

DNA from each filter membrane was extracted, amplified, and 
sequenced for subsequent bioinformatic analysis. The detailed de
scriptions for extraction, amplification, and sequencing protocol can be 
found in previous publications (e.g., Xie et al., 2021). To generate a 
high-confidence dataset, low-confidence and spurious annotations were 
removed as false positives according to Port et al. (2016). Finally, the 
relative abundance of each identified fish species is represented by its 
sequencing reads. 

Based on the environmental DNA sequencing result, the dominant 
species are determined according to McNaughton index Yi: 

Yi = pifi (3) 

Fig. 6. Map of the metric M2 about the confluence of the Yangtze River and the 
Poyang Lake outflow channel during Surveys 1 and 2. 

Fig. 7. Longitudinal distribution of the cross-sectional mean M2 based on the depth-averaged velocity along the post-confluence channel between the Yangtze River 
and the Poyang Lake outflow channel during Surveys 1 and 2. 

S. Yuan et al.                                                                                                                                                                                                                                    



Journal of Hydrology 626 (2023) 130335

8

where pi is the proportion of the ith species reads to the total reads, fi is 
the frequency of the ith species detected among all sampling sites. A 
species is regarded as dominant when its Yi is higher than 0.05 in this 
work. 

Biodiversity indexes for fish, including Shannon-Weiner index (Hj’), 
Simpson index (Dj), and Pielou index (Jj’) were calculated using Eqs (4)– 
(6) with species composition data to describe fish diversity in each 
sampling site: 

H′
j = −

∑Sj

i = 1
pijln pij (4)  

Dj = 1 −
∑Sj

i = 1
p2

ij (5)  

J′
j =

H′
j

lnSj
(6)  

where Sj is the species number identified in the jth sampling site, pij is the 
proportion of the ith species reads to the total reads in the jth sampling 
site. 

2.6. Ordination and statistical analysis 

Based on hierarchical cluster analysis of log10-transformed relative 
abundance data, fish species were grouped with similar distribution 
patterns among sampling sites in the two surveys. The cluster analysis 
was performed by UPGMA (unweighted pair-group method with arith
metic means) clustering method with Euclidean distance. Likewise, the 
grouping of sampling sites was determined by the similarity in the 

Fig. 8. Map of the temperature, dissolved oxygen concentration, chlorophyll content, and turbidity about the confluence of the Yangtze River and the Poyang Lake 
outflow channel during Surveys 1 and 2. 
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relative abundance of species between sites. The similarities were 
assessed by the Pearson correlation coefficient, and UPGMA clustering 
method was based on Euclidean distance. 

In order to distinguish the driving effects of habitat factors, such as 
water depth (H), flow velocity (v), hydraulic complexity metric M2, 
temperature (T), dissolved oxygen concentration (DO), chlorophyll 
content (Chl), and turbidity (Turb), on abundance distribution and spe
cies assemblage structure of fish communities, a redundancy analysis 
(RDA; R package “vegan”, function “ca”) was applied. This analysis re
lates fish community data with habitat characteristics of the sampling 
sites of the two surveys. The fish density acquired by hydroacoustic 
detection, the number of species identified by environmental DNA, three 
biodiversity indexes (Shannon-Weiner index, Simpson index, and Pielou 
index), and the relative abundance of four dominant fish species (Zacco 
platypus, Hypophthalmichthys molitrix, Pseudorasbora parva, and Coilia 
nasus, species with Yi higher than 0.05 during the two surveys) were 
considered as factors indicative of the fish community traits and thus 
were analyzed. 

3. Results and discussion 

3.1. Distribution patterns of hydraulic parameters 

The main hydraulic parameters of the confluence region were 
calculated from aDcp measurements collected during the two surveys, 
and are listed in Table 2. The water depths of PL and YR in Survey 2 
(October 2021) were both deeper than those in Survey 1 (April 2021), 
and a larger wetted area in Survey 2 was observed due to inundation of 
the floodplain along the channels (Fig. 4). With an increase of the flow 
area, the average velocity decreased in PL, while that of YR remained 
basically unchanged, so that a lower velocity ratio Ur resulted in Survey 
2 than in Survey 1. Nearly identical discharge ratios Qr (~0.30) were 
observed during Surveys 1 and 2. The discharge and flow velocity in YR 
were both much higher than that in PL, leading to low momentum flux 
ratios Mr in both surveys (0.16 and 0.13, respectively). The thalwegs in 
the YR (maximum water depth: 17.4 m; minimum depth: 11.7 m) and PL 
(maximum depth: 39.8 m; minimum depth: 13.6 m) had no obvious 
deflection along the channel direction, while the thalweg in PC 
(maximum depth: 21.5 m; minimum depth: 14.4 m) was inclined to
wards the right bank due to the bend flow as well as the low Qr and Mr. 
The water depth of the thalweg gradually increased, reaching its 
maximum value at about the end of the post-confluence channel. 

Flow from the upstream of YR bifurcates at the Guan Island into two 
branches, the left branch has larger discharge and flow velocity; on the 
other side, PL had a relatively uniform and low depth-averaged velocity 
(Fig. 5). In general, the velocity magnitude of Survey 2 was lower than 
that of Survey 1, and the lowest velocity was at the inundated floodplain 
on the left side of PC in Survey 2. PC received flows from YR and PL, and 
a stagnation zone developed with very low velocity at the apex of the 
confluence near Meijia Island. A shear layer with velocity contrast be
tween the two flows was observed. Due to the low Mr, the shear layer 

was forced to bend towards the right side of the channel. As the Poyang 
Lake outflow realigned with the Yangtze River flow, the velocity 
contrast gradually decreased, and the shear layer finally disappeared 
near the end of the NPC. As the width of the PC decreased and simul
taneously the Poyang Lake outflow entered the confluence, the core 
velocity of the converging flow gradually increased. It reached the peak 
velocity in the FPC. 

In both surveys, large values of metric M2 were observed where the 
kinetic energy was relatively low, such as in the stagnation zone near the 
apex of the confluence, as well as along the bank in PL and FPC (Fig. 6). 
An extra region with large M2 values was observed in Survey 2, on the 
submerged floodplain of PL due to the extremely low velocity there. The 
lowest M2 values were found in the central part of PC, downstream of the 
stagnation zone, which is characterized by high flow velocity and sig
nificant flow deflection. The value of M2 peaked immediately down
stream of the confluence apex and then decayed gradually with the 
downstream distance until around the end of the NPC (Fig. 7). Following 
the fall, the value of M2 gradually increased along the FPC. 

Table 3 
Average values of water quality parameters across the whole area of different regions near the confluence (PL, YR, NPC, and FPC) of the Yangtze River and the Poyang 
Lake outflow channel. Temperature (T), dissolved oxygen concentration (DO), chlorophyll content (Chl), turbidity (Turb).   

T (℃) DO (mg/L) Chl (μg/L) Turb (FNU) 

Survey 1 in April 2021 PL 17.38 ± 0.30 9.40 ± 0.34 5.33 ± 2.26 13.00 ± 2.94 
YR 16.73 ± 0.30 8.73 ± 0.13 1.48 ± 0.80 21.86 ± 3.72 
NPC 16.49 ± 0.70 8.96 ± 0.25 2.72 ± 2.04 19.32 ± 4.32 
FPC 16.92 ± 0.62 8.88 ± 0.18 3.46 ± 2.23 18.56 ± 4.10 

Survey 2 in October 2021 PL 17.26 ± 0.30 9.11 ± 0.18 5.40 ± 0.92 45.23 ± 11.53 
YR 19.58 ± 0.03 8.24 ± 0.01 2.05 ± 0.29 40.51 ± 2.50 
NPC 18.97 ± 1.08 8.31 ± 0.22 2.99 ± 1.47 43.52 ± 12.52 
FPC 19.49 ± 0.25 8.23 ± 0.05 2.38 ± 0.49 38.47 ± 2.43  

Fig. 9. Map of fish density (ind./m2) about the confluence of the Yangtze River 
and the Poyang Lake outflow channel during Surveys 1 and 2. 

S. Yuan et al.                                                                                                                                                                                                                                    



Journal of Hydrology 626 (2023) 130335

10

3.2. Distribution patterns of water quality parameters 

Flows with distinctly different water quality conditions from the 
Yangtze River and Poyang Lake converged and mixed in PC (Fig. 8). In 
this process, a mixing interface between the two flows exists and a wider 
range of environmental conditions persists. During the period of Survey 
1, a clear mixing interface was observed near the water surface, which 
persisted for a long distance. It extends until the end of PC, indicating a 
slow mixing process between the two incoming flows. Comparatively, in 
Survey 2 the mixing interface disappeared near cross-section C6, sug
gesting a faster mixing rate than in Survey 1. The larger lateral expan
sion of the Yangtze River flow into the Poyang Lake side in Survey 2 
resulted from the larger momentum difference in Survey 2 (Mr = 0.13) 
compared with Survey 1 (Mr = 0.16). This explains why a more rapid 
mixing process and shorter mixing interface occurred in Survey 2. 

The measured water quality parameters at different regions of the 
confluence were respectively averaged across the whole area, and the 
average values are listed in Table 3. In PL, the average temperature had 
little change between Surveys 1 and 2, both of which were about 17.30 
℃. In YR, the average temperature increased from 16.73 ℃ in Survey 1 
to 19.58 ℃ in Survey 2, with an obvious rise of nearly 3 ℃. The tem
peratures in the NPC were between those in PL and YR in both Surveys 1 
and 2, due to the mixing of the flow from PL and YR. With the pro
ceeding of the mixing process, the temperatures in FPC gradually 
returned close to the original temperature in YR, since the flow from YR 
constituted a large proportion of the mixing flow. The other three water 
quality parameters also had a distribution pattern similar to that of the 
temperature, as PL and YR respectively kept the highest or lowest 
values. In the post-confluence channel, FPC had a value closer to that in 
YR compared to NPC. Furthermore, it is worth noting that a much larger 

turbidity near the water surface was observed in Survey 2 in all regions, 
nearly twice the value in Survey 1. The rise of turbidity in PL was 
especially high between the two surveys, where the turbidity in Survey 2 
was nearly four times that in Survey 1. In contrast, dissolved oxygen 
concentration and chlorophyll content of each region near the conflu
ence had similar values in Surveys 1 and 2. 

3.3. Abundance distribution and species assemblage structure of fish 
communities 

Fish density detected by hydroacoustic method in YR and PC were 
higher than that of PL in both Surveys 1 and Survey 2 (Fig. 9). In YR and 
NPC, most of the fish echoes were observed in the deep zone (with a 
water depth deeper than 10 m) in the central part of the channel, while 
only a low quantity of fish echoes was detected in the banks zone (with a 
water depth lower than 10 m). Although, it cannot be ruled out that the 
fish abundance in the bank zone is underestimated due to the increased 
escape of fish caused by the survey vessel in shallow waters. FPC had the 
highest fish density, with the most fish echoes still obtained in the deep 
zone, but also with increased observations in the banks zone because the 
channel was narrow. In PL, a lower number of fish echoes compared 
with the other regions was scattered in the banks zone and deep zone. 

In both YR and PC, small-sized fish (2 cm < L < 20 cm) were 
dominant, accounting for more than 98 % of the total population, 
whereas mid-sized fish (20 cm < L < 60 cm) and large-sized fish (L > 60 
cm) were relatively rare (Fig. 10). However, in PL the composition of the 
fish community, based on fish length, changed greatly from Survey 1 to 
Survey 2. The population of fish having a length of 2–3 cm increased 
dramatically, and its proportion to the total fish population surged from 
23.01 % in April to 69.59 % in October. Percentage-wise the population 

Fig. 10. Frequency distributions for the fish length in different regions of the confluence of the Yangtze River and the Poyang Lake outflow channel during Surveys 1 
and 2. 
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of fish larger than 6 cm in length reduced slightly, due to an increase in 
the total population. The changes in the proportion accounted by 
different fish lengths in the PL may be largely attributed to the influx of 
juvenile fish, following the spawning period, and the availability of 
additional habitat for small-sized fish provided by the inundated 
floodplain. 

For the study on environmental DNA, a total of 50 fish species were 
identified in the two surveys, representing a diversity of 6 orders and 19 
families (Fig. 11). The detected fish community was in general domi
nated by small-sized fish, and almost all the species observed in the 
present survey have previously been recorded in the middle and lower 
reaches of the Yangtze River (e.g., Liu et al., 2005; Fan et al., 2012). 
Many species, 47 of them, were detected in Survey 1, while 39 species 
were detected in Survey 2. Together, 36 of the same fish species were 
detected in both surveys, indicating that only a fraction of fish species 
observed in Survey 1 disappeared in Survey 2. Therefore, one can pre
sume that there was no fundamental change in the assemblage structure 
of local fish communities. With regards to species diversity at different 
sampling sites, in Survey 1 a maximum value of 38 species were recor
ded in the initial part of PC (cross-section C2), whereas the highest 
number of fish species observed in Survey 2 was 23 at the downstream 
end of the study site (cross-section C10). In addition, the lowest fish 
diversity for both Surveys 1 and 2 was detected at the sampling site in 
YR, with 19 and 6 fish species, respectively. It is worth noting that, it was 
still difficult to determine whether the eDNA detected at each sampling 

site is fully representative of the fish community near the sampling site, 
although we tried to minimize the impact of upstream DNA on down
stream species diversity. 

According to the results of cluster analysis, the identified species 
were divided into three groups (as Group A, B, and C) based on their 
distribution patterns. The fish species in Group A were widely distrib
uted in the study area and were relatively abundant at almost all sam
pling sites of both surveys, represented by silver carp (H. molitrix), 
P. parva, and C. nasus. Group B was comprised of species which were 
documented in Survey 1 but were rare in Survey 2, mainly including 
small-sized perciformes and siluriformes fish. Finally, the fish species 
distributed patchily throughout the confluence in both of the two sur
veys formed Group C, which was mainly composed of sedentary fish, 
including small fish such as bitterling (Rhodeus lighti) and goby (Rhino
gobius cliffordpopei), as well as large fish such as catfish (Silurus asotus) 
and eel (Monopterus albus). 

Higher number of species, Shannon-Weiner index, and Simpson 
index were observed in Survey 1 compared to Survey 2 (Fig. 12); it can 
be concluded that the confluence has higher fish species diversity in 
Spring rather than Autumn. However, there was no clear trend in the 
change of Pielou index between Surveys 1 and 2, indicating the uni
formity of fish communities at the confluence had little relationship with 
seasonal changes. Furthermore, the number of species, Shannon-Weiner 
index, and Simpson index in YR were lower than those in PL and PC. It is 
possible that the connectivity due to the confluence helps the fish 

Fig. 11. Heatmap for log10-transformed counts of taxa identified with environmental DNA at each sampling site. The dendrogram shows the relationship of species 
based on UPGMA clustering method. 
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originating from Poyang Lake to enter the Yangtze River and enhances 
fish species diversity downstream of YR. 

Based on the composition of the fish community at each sampling 
site, it was divided into two clusters through cluster analysis (Fig. 13). In 
Survey 1, a high similarity was observed among almost all sampling 
sites, indicating high connectivity and sufficient environmental capacity 
in April. However, the similarity in Survey 2 was relatively low, 
particularly the sampling site in YR had the lowest similarity with other 
sites. Although the connectivity of fish communities across the conflu
ence seemed to be weakened in October, the inflow of Poyang Lake 
compensates the fish species assemblage structure in the Yangtze River. 
Furthermore, fish from the tributary preferred to migrate downstream 
rather than upstream when they entered the mainstream. 

Spatial heterogeneities of fish community traits were expected at the 
confluence in both the surveys. In YR, quite high fish density was 
observed, while the species diversity was relatively low. On the con
trary, the fish density in PL was much lower than other regions, but the 
fish diversity was considerable. Acting as a critical region connecting the 
Yangtze River and Poyang Lake, PC had the highest fish density and 
species diversity, and the exchange of different fish communities be
tween the river and lake through the confluence might explain the 
extremely high fish productivity. Meanwhile, the two streams with 
different hydrodynamic and water quality conditions merged in the 
post-confluence channel, forming more prominent spatial heteroge
neous habitat for fish. This is possibly another important reason for 
greater fish abundance and species diversity than those observed 
upstream. 

3.4. Driving effects of habitat factors on fish communities 

The redundancy analysis (RDA) for all sampling sites, constrained to 
hydraulic parameters (H, v, and M2) and water quality parameters (T, 
DO, Chl, and Turb) is shown in Fig. 14. There is positive correlation 
between T and Turb, and the distribution patterns of these two factors 
are well represented by the axes-one of RDA. As Survey 2 had higher 

values of T and Turb compared to Survey 1, samples taken at different 
survey times assemble on different sides of axes. DO and Chl are posi
tively correlated, but negatively correlated with v and M2. These factors 
are distributed along the axes-two of RDA. Samples taken during the 
same survey time and from the same side of the confluence are relatively 
clustered. The Poyang Lake side had higher values of DO and Chl, while 
the Yangtze River side had faster flow and higher hydraulic complexity. 

The first two axes explain a total of 44.38 % of the variance in fish 
community traits. They indicate the important contribution made by 
hydraulic and water quality factors to the relationship between fish 
communities and habitat factors at the confluence. Fish density was 
positively correlated with v, but negatively correlated with Chl, and was 
largely decided by the different habitat conditions between the Yangtze 
River and Poyang Lake, as a large part of fish abundance was observed in 
the Yangtze River with high velocity. The number of fish species and 
three biodiversity indexes were all positively correlated with DO, but 
negatively correlated with Turb. On the other hand, a negative corre
lation was observed between the relative abundance of Z. platypus and 
Turb, while the relative abundance of H. molitrix, P. parva, and C. nasus 
were positively influenced by Turb. The result shows that the high 
turbidity environment occurred in Survey 2 largely contributed to the 
change of species assemblage structure of the fish community near the 
confluence. Fish species in Group A were able to tolerate the large in
crease in turbidity, and their relative abundance increased from Survey 
1 to Survey 2. However, most other fish species could not tolerate such 
environmental changes and were forced to relocated out of the conflu
ence, which is an important reason why fish species number near the 
confluence substantially decreased between the two surveys. Previous 
literature studies had similar views about the effect of turbidity on fish. 
Robertis et al. (2003) conducted a series of laboratory feeding experi
ments and found that turbidity disproportionately decreased feeding 
efficiency of different fish; turbid environments benefited planktivorous 
fish since they were less vulnerable to predation by piscivores, while 
their feeding ability did not decrease substantially. Mol and Ouboter 
(2004) compared the fish communities in streams affected by gold 

Fig. 12. Distribution of number of species and biodiversity indexes for fish among different sampling sites.  
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mining with those in undisturbed streams in a South American tropical 
rainforest system and found that high turbidity related to the gold 
mining reduced fish diversity and thus shifted community structure. 

The abundance distribution and species assemblage structure of fish 
communities, near the confluence between the Yangtze River and the 
Poyang Lake outflow channel, are driven by the spatiotemporal varia
tion of different habitat factors (Table 4). At the regional scale, while the 
hydrodynamic conditions between the two surveys were similar, they 
had high spatial heterogeneity between the Yangtze River and the 
Poyang Lake outflow channel. The flow structure at the confluence 
greatly affected the spatial distribution of fish abundances. Specifically, 
small fish species or juvenile fish of some species prefer to be in YR and 
PC with high flow velocity rather than in PL. Although the proportion of 
small fish to total fish abundance in PL was higher in October, the ab
solute number of small fish was higher in YR and PC. The distribution of 
large-sized fish was less affected by the hydraulic factors, as they could 
choose their habitat more freely. Predator-prey interactions might 
explain this since small-sized fish that are more flexible need to take 
advantage of flow with high velocity and complex structure to escape 
from predators, even though this needs more effort to withstand the flow 
(Jones et al., 2020); large-sized fish free from predation pressure chose 
more suitable flow conditions to reduce energy consumption. 

The sudden changes of water quality factors have a great impact on 
the diversity of fish species at the confluence. Between the two surveys, 
there was noticeable change in turbidity near the confluence, which 
greatly influenced the species assemblage structure of local fish com
munities. In April, local fish species diversity was high and good con
nectivity of the fish community across the confluence was observed. 

However, some fish species were not observed in October, possibly due 
to the onset of turbid environment near the confluence. Presumably, fish 
species observed in October tolerated the environmental conditions in 
which turbidity increased dramatically, while those not observed 
probably failed to tolerate and left the confluence. Consequently, the 
conditions in October led to a decline in the local species diversity with 
greater dominance of a few tolerated species. Such environmental con
straints restrict different fish species to live in regions meeting their 
habitat demands, whereby the exchange of fish communities between 
tributaries is weakened. 

3.5. Nodal effect of confluence to river ecosystem and implication to 
ecological conservation and management 

During the two surveys, the merging flows from the Yangtze River 
and Poyang Lake had distinct physical and chemical properties and 
complex mixing processes were observed in the post-confluence chan
nel, resulting in the heterogeneity and complexity of the spatial and 
temporal distribution of habitat conditions. Higher abundance and 
species diversity of fish community were observed in the post- 
confluence channel compared with both tributaries upstream, indi
cating the value of the river confluence as a biodiversity hotspot. Fer
nandes et al. (2004) investigated the fish communities in the Amazon 
River with trawl-net sampling, and found that the inflow of tributaries 
tended to increase the fish species diversity in the mainstream down
stream of tributary confluences. Knispel and Castella (2003) investi
gated the benthic macroinvertebrate fauna in a glacier-fed stream at its 
confluence in Swiss Alps, and found the fauna was richer and more 

Fig. 13. Heatmap of similarities among different sampling sites based on fish species and relative abundance. The color of the block represents the magnitude of the 
correlation coefficient. The * in the block represents the significance of the correlation. The dendrogram shows the relationship of sites based on UPGMA clus
tering method. 
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diverse below the confluence. Osawa et al. (2010) measured riparian 
plant species diversity at 11 river confluences in Japan, and higher di
versities were generally observed in down-confluence areas during the 
plant growing season. Therefore, it is of great significance for river 

ecological environment to recognize the important effect of confluences 
as critical nodes in river ecosystems. Specifically, further understanding 
of the effect of interaction between water and sediment, mixing dy
namics, and habitat condition changes on biological communities at 

Fig. 14. Redundancy analysis (RDA) diagram for fish community traits and habitat factors of the confluence between the Yangtze River and the Poyang Lake outflow 
channel during Surveys 1 and 2. Habitat factors: water depth (H), velocity (v), hydraulic complexity metric M2, temperature (T), dissolved oxygen concentration 
(DO), chlorophyll content (Chl), and turbidity (Turb). 

Table 4 
Summary of spatiotemporal distribution pattern of different habitat factors and their effect on fish communities at the confluence of the Yangtze River and the Poyang 
Lake outflow channel based on the two surveys in April and October.  

Habitat factor Comparison between different regions of the 
confluence 

Comparison between 
different surveys 

Effect on local fish community 

Hydraulic 
factor 

Water depth Highest in PC; similar between PL and YR Slight increase from 
Survey 1 to 2 

No significant effect in present study 

Velocity Higher in YR and PC than PL Similar distribution 
pattern between Surveys 
1 and 2 

Greatly affects the abundance distribution; higher fish 
abundance was in YR with high flow velocity than that 
in PL; small fish tend to distribute in the fast-flowing 
tributary, while large fish were less affected by 
hydrodynamic conditions 

Hydraulic 
complexity metric 
M2 

High in region with low kinetic energy, such as the 
stagnation zone and banks zone 

Similar distribution 
pattern between Surveys 
1 and 2 

No significant effect in present study 

Water 
quality 
factor 

Turbidity PL and YR respectively kept the highest or lowest 
values; with the proceeding of the mixing process 
between two tributaries, water quality conditions in 
FPC were closer to that in YR than NPC 

Drastic increase from 
Survey 1 to 2 

Greatly affects the species assemblage structure; turbid 
environment lower local species diversity and weaken 
the interaction between fish communities 

Temperature Increase in YR and PC; 
remain unchanged in PL 
from Survey 1 to 2 

No significant effect in present study 

Dissolved oxygen 
concentration 

Slight decrease from 
Survey 1 to 2 

No significant effect in present study 

Chlorophyll 
content 

Slight increase from 
Survey 1 to 2 

No significant effect in present study  
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confluences, and paying more attention to confluence in river ecological 
conservation and management. 

The abundance of small fish with a length of 2–3 cm in Poyang Lake 
channel was observed to increase substantially in the survey in October 
compared with that in April, and its proportion to the total fish popu
lation surged from 23.01 % in April to 69.59 % in October. Based on the 
length of the fish and the timing of their appearance, these newly 
emerged small fish are supposed to be mainly migratory juvenile fish 
that enter Poyang Lake from the Yangtze River for rearing, indicating 
that the confluence acts as an important nursery habitat during the 
migration of juvenile fish. The temporal variation of juvenile fish 
abundance at the confluence between the Yangtze River and Poyang 
Lake has also been observed by previous studies (Hu et al., 2011; Ren 
et al., 2022). Around the confluence, the peak abundance of sedentary 
juvenile fish such as Hemiculter bleekeri and Siniperca chuatsi occurs from 
May to June; the abundance of migratory juvenile fish, such as the four 
major Chinese carps and Coilia nasus, is relatively high from July to 
October and peaks in August (Liu et al., 2019). The crucial role of river 
confluences in recruitment success of freshwater fish highlights the de
mand to focus on the particular ecological needs of river confluence at 
key times, such as maintaining appropriate hydrological and hydrody
namic processes through measures such as hydraulic engineering regu
lation during critical periods of fish reproduction to ensure the smooth 
migration of fish. 

In the survey in October, an intrusion of turbid flow from Poyang 
Lake to the Yangtze River was observed to significantly affect the species 
assemblage structure of fish communities around the confluence, which 
decreased the diversity of local fish species and weakened the exchange 
of fish communities between the river and the lake. The turbid flow was 
probably caused by sand mining events in the tributary, which often 
resulted in a high concentration of suspended sediment in the water. The 
high concentration of suspended sediment flows into the mainstream 
along with the tributary, leading to the disappearance of some sand- 
averse fish species at the confluence. The dramatic change of the 
physical and chemical properties in the tributary tends to be transmitted 
to the mainstream through the nodal effects of the confluence, affecting 
a wider community of organisms (Braaten et al., 1999; Rice et al., 2006; 
Baldigo et al., 2015). Therefore, it is necessary to strictly regulate 
anthropogenic activities such as sand mining and pollution discharge in 
tributaries of river confluences to prevent potential damage to river 
ecosystems. 
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