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Hydroacoustics is a non-invasive fish stock assessment sampling technique that
plays an important role in fishery science and management. However, non-
standard hydroacoustic surveys could lead to biased results, and the factor of
the sampling period (e.g., season and diel cycle) is extremely critical as it can greatly
affect hydroacoustic results. Efforts to improve the accuracy and credibility of the
hydroacoustic survey results are getting more and more attention. Thus, we
conducted two diel hydroacoustic surveys in situ in summer and winter to
detect whether there were diel and seasonal differences in density, Target
Strength (TS) and vertical distribution of fish. The results indicated that nighttime
had significantly higher fish mean density than daytime in summer and winter. No
significant difference between summer and winter daytime, however, significant
difference between summer and winter nighttime, but this bias could be accepted
from the fisheries management perspective; The mean TS of the summer daytime
was significantly higher than that of summer nighttime, winter daytime and winter
nighttime, but there were no significant differences among summer nighttime,
winter daytime, and winter nighttime, mainly due to mean TS may be
overestimated from fish schooling behavior during summer daytime; The fish
vertical distribution had significant seasonal correlations and was more dispersed
in different water layers during the nighttime, proving that the assessment was
better at nighttime than during the daytime. Consequently, the hydroacoustic
surveys in Yudong Reservoir and other similar plateau deep water reservoirs should
be performed at nighttime, which will yield relatively accurate density and TS, and
dispersed vertical distribution of fish.
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1 Introduction

The hydroacoustic technique has been developed for decades and
is now considered a robust and reliable method (MaclLennan and
Simmonds, 2013). It has been widely used in assessing the density,
biomass, body size, or spatial and temporal distribution of freshwater
fish with the advantages of being efficient, rapid and not damaging
biological resources compared to other fish stock assessment methods
(e.g., gillnet and trawl) (Koslow, 2009). Therefore, hydroacoustics has
become an excellent tool for research in the management of fish
resources in reservoirs, the conservation of fish resources in rivers and
lakes, and the monitoring of fish in dams and locks (Tan et al., 2011;
Godlewska et al., 2016).

Like other sampling methods, hydroacoustics also has biases and
limitations caused by fish species discrimination, acoustic dead zone
(near the surface or bottom of reservoirs), and schooling due to fish
rhythms Girard et al., (2020). It must be considered when choosing
the suitable survey period, as species-specific behavior and spatial
distribution add uncertainty to fish stock assessment (Ye et al., 2013;
Lian et al,, 2017). Therefore, selecting the sampling period (e.g.,
season and diel cycle) is essential for hydroacoustic surveys.
Previous studies have demonstrated that the survey results of lakes
and rivers in different periods were distinct. For example, Loures and
Pompeu (2015) found that fish densities detected by hydroacoustics
were significantly higher in the wet season than dry season in the Sao
Francisco River. Lyons (1998) found that fish densities were 2.4-11.0
times higher during the nighttime than daytime in the River Trent;
Girard et al,, (2020) discussed that the hydroacoustic detection of fish
density and biomass was higher during the nighttime than daytime in
temperate lakes; Riha et al., (2015) concluded that hydroacoustic
surveys of fish in Central European reservoirs should be performed
at nighttime.

Reservoirs are artificially dammed bodies of water between lakes
and rivers and are found worldwide, especially with scarce water
resources (Straskraba et al., 1993). They have become the primary way
to relieve water supply pressure and play an essential role in human
development (Zhou et al,, 2016). Certainly, they also have other
important functions, such as power generation, flood control,
agricultural irrigation and aquaculture (Fernando and Holcik,
1991). However, the operation of the reservoir has a significant
impact on the waterbody. On the one hand, it changes the original
runoff characteristics of the water and reduces the ability of the water
to degrade pollutants. On the other hand, the nutrient level of the
water will rise sharply due to the accumulation of nutrients in and
around the inundated area, which will quickly cause the outbreak of
harmful algal blooms and the deterioration of the water environment
and threaten the safety of drinking water. Reducing the nutrient level
of water can be achieved by controlling the number of algae in the
water by releasing filter-feeding fish (Chen et al., 1991; Mei et al,
2016; Zhang et al., 2016). To achieve a scientific and reasonable fish
release, the fish density of existing and the community structure in the
reservoir needs to be clarified first.

Yudong Reservoir is located in the middle of the Yunnan-
Kweichow Plateau. Like other plateau reservoirs, it is an artificial
lake formed by building dams at the narrow mouth of the mountain.
Influenced by anthropogenic activities, harmful algal bloom events
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often occur in Yudong Reservoir in recent years. The reasonable
density of silver carp (Hypophthalmichthys molitrix) and bighead carp
(Hypophthalmichthys nobilis) can control the harmful algae and
purify the water. Thus, we need to assess accurately silver carp and
bighead carp density and biomass to provide scientific
recommendations for the reservoir management department.
However, hydroacoustic surveys of plateau deep water reservoirs
may differ from lakes, rivers and other types of reservoirs due to
differences in fish behavior caused by environmental conditions and
species-specific (Girard et al., 2020). The optimal period for
hydroacoustic detection in plateau deep water reservoirs such as
Yudong Reservoir has yet to be studied or reported. In this study,
we chose three important indicators of the density, TS and vertical
distribution of fish to indicate the effect of survey periods on survey
results to identify the appropriate sampling period.

2 Materials and methods
2.1 Study area

Yudong Reservoir (27.359°N~ 27.479°N, 103.475°E~ 103.551°E)
is located in Zhaotong City, Yunnan Province, China. Figure 1
illustrates the geographical location of Yudong Reservoir, whose
mean elevation is 1985 m. The watershed area of Yudong Reservoir
is approximately 709 km?, and the water-spread area is approximately
16.3 km?. In summer, Yudong Reservoir releases water for power
generation and flood control, while it stores water for sufficient water
supply in winter. The deepest point of Yudong Reservoir is 46.7 m,
mean depth is approximately 22.0 m in summer. The deepest point is
57.4 m, and the mean depth is approximately 30.3 m in winter. It is
the main water supply source for nearly three hundred thousand
people in Zhaoyang District and Ludian County. In the present study,
we divided Yudong Reservoir into nine areas based on mean depth
(summer and winter) and distance: Dam (32.3 m), Huangnibao (44.6
m), Yanjiashan (16.1 m), Qimihei (15.1 m), Zhaojiayuan (27.8 m),
Zujiaying (22.1 m), Yuba (16.3 m), Lan river (9.4 m) and Guazhai
(14.2 m).

2.2 Hydroacoustic surveys

Two diel hydroacoustic surveys of fish resources were conducted in
Yudong Reservoir in summer (August 10th - 11st, 2021) and winter
(January 5th - 6th, 2022). Daytime surveys were conducted 1 hour after
sunrise, and nighttime surveys were conducted 1 hour after sunset
(Axenrot et al,, 2016). The hydroacoustic survey equipment was
BioSonics DT-X split-beam echo detector (BioSonics, Seattle,
Washington, USA) (operating frequency 199 kHz, beam angle
6.8°%6.8°), latitude and longitude data were recorded and stored in
real-time by Garmin GPS 17 X HVS (Garmin, Olathe, Kansas, USA),
Acquisition 6.0 software (BioSonics, Seattle, Washington, USA) was
used to collect hydroacoustic data, and calibrating the transducer by
referring to the steps in the manual before detection. The transducer
was fixed to the bow of speedboat using a homemade iron frame with a
draft of 0.5 m, and the beam was emitted vertically downward. The

frontiersin.org


https://doi.org/10.3389/fmars.2022.1119410
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Mei et al.

speedboat was driven forward at 10km/h on a “Z” course at a constant
speed (Figure 1), While recording the transect and elevation with a
handheld GPS (Magellan, San Dimas, California, USA). The four
hydroacoustic survey transects were shown in Figure 1. The credibility
of the hydroacoustic survey was judged by calculating the coverage
ratio, which was defined as the ratio between the square root of the
transect mileage (km) and the water-spread area of the reservoir (km?)
(Aglen, 1983). It was generally recommended that the coverage ratio
was at least 3.0 and preferably higher than 6.0 (Emmrich et al,, 2012),
and all coverage ratios in our study were more significant than 8.0.

2.3 Hydroacoustic data analysis

The hydroacoustic data was analyzed by Visual Analyzer 4.3
software (BioSonics, Seattle, Washington, USA). The single echo
detection method was used to analyze the target signals of fish in
the water column, with the specific parameters shown in Table 1.
To exclude external interference such as vessel engine noise and air
bubbles, the hydroacoustic data were selected from 1 m below the
transducer to 0.3 m above the reservoir bottom, and the aquatic
plants, secondary bottom echoes, and non-fish echoes were
manually removed. Finally, parameters such as real-time water

10.3389/fmars.2022.1119410

depth, Fish Per Unit Area (FPUA, ind./m?), Fish Per Cubic Meter
(FPCM, ind./m>), and TS were obtained. The real-time coordinates
and density information (FPUA) returned from Visual Analyzer
4.3 (BioSonics, Seattle, Washington, USA) were imported into
ArcGIS 10.7 software (ESRI, Redlands, California, USA), and
the fish density distribution was mapped by Kriging
spatial interpolation.

2.4 Relationship between TS and total
length and biomass of fish

Target Strength in hydroacoustics is a physical quantity that
responds to the size of fish. We use the term TS to refer to Target
Strength throughout the paper, the unit is dB, and TS is proportional
to the total length, the more significant the TS, the greater the total
length of fish.

The equation (1) proposed by Foote (1987) for fish that have
swim bladders was used to estimate the total length (T in cm) of fish:

TS =20lg TL—71.9 (1)

The equation (2) for the conversion between the TL and weight W
(g) of bighead carp was proposed by Wanner and Klumb (2009).
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FIGURE 1

Map of the Yudong Reservoir showing its geographical location and hydroacoustic survey transect.

TABLE 1 Setting parameters for individual target analysis.

Echo Threshold  Correlation Factor = Min Pulse Width Factor

Max Pulse Width Factor

End Point Criteria = Time-Varied Gain

-70dB 0.9 0.75
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W = 0.013TL>*° )

The mean biomass B (g/m) was calculated as the multiplication of fish
mean density p (ind./m’ ) estimated by hydroacoustics and the weight
corresponding to mean TS, and equation (3) shows how it is calculated:

B=pwW 3)

2.5 Statistical analysis

We analyzed differences between density, TS, and vertical
distribution of fish of each transect during the diel cycle in summer
and winter. Hydroacoustic data used Student’s t-test and nonparametric
Wilcoxon test, when data homogeneity or normality was not achieved, a
nonparametric test was used, otherwise, a Student’s t-test was used. In
addition, the standardized main axis (SMA) was performed (Warton
et al., 2006). This test was previously used to compare hydroacoustic
data from different scenarios (Mouget et al., 2019), and our study was
mainly applied to the distribution of the density and TS of fish in nine
areas. The method was suitable for extended and completed linear
regression when the measurement error was unknown. The SMA
evaluation compared whether the major-axis results followed the 1:1
line for different periods. All analyses were carried out using software R
(version 4.1.2) (Team, 2013), and the Smatr package (version 3.4-8) for
the SMA test (Warton et al., 2012).

3 Results

3.1 Seasonal and diel difference
in fish density

The fish mean density was highest during the nighttime in winter
(2.1 ind./m?), followed by summer nighttime (1.7 ind./m?), then
summer daytime (0.9 ind./m*), and finally winter daytime (0.7 ind./
m?) (Figure 2). Figure 3 shows the fish density distribution from four
hydroacoustic surveys in Yudong Reservoir.
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For diel differences, the mean density was significantly higher
during the nighttime than daytime in summer (Wilcoxon test, p <
0.05) (Figure 2). The slope of the linear relationship was not
significantly different from 1 (SMA r = 0.2576, p > 0.05) and the
intercept was not significantly different from 0 (SMA t =-0.8299, p >
0.05) (Figure 4). Like summer, the mean density during the
nighttime was significantly higher than daytime in winter
(Wilcoxon test, p < 0.05). The intercept was not significantly
different from 0 (SMA t = -1.758, p > 0.05), but the slope of the
linear relationship was significantly different from 1 (SMA r =
0.8174, p< 0.05) (Figure 4).

For seasonal differences, the difference during the daytime was
not significant (Wilcoxon test, p > 0.05) (Figure 2), and the linear
relationship between slope and 1 was significant (SMA r = -0.7004, p
<0.05), but the intercept was not significantly different from 0 (SMA t
=-1.471, p > 0.05) (Figure 4). The mean density of winter nighttime
was slightly higher than summer nighttime and was significantly
different (Wilcoxon test, p < 0.05) (Figure 2), the slope and intercept

ns *

Average density of fish (ind./m?)

T
Summer DaytimeSummer Nighttime Winter Daytime Winter Nighttime

FIGURE 2

Mean density of four hydroacoustic surveys during different periods in
Yudong Reservoir. Asterisks indicate significant correlations (p < 0.05),
ns indicates no significant correlations (p > 0.05).

Winter Daytime Winter Nighttime

R

)

FIGURE 3

Fish density distribution from four hydroacoustic surveys in Yudong Reservoir.
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were not significantly different from the expected value (SMA r =  (-55.2 £ 4.4) dB, and (-55.7 + 3.1) dB, respectively, and their
-0.01925, p > 0.05; SMA t = -0.9981, p > 0.05) (Figure 4). corresponding total lengths of fish were 13.8 ¢cm, 6.9 cm, 6.8 cm,
and 6.5 cm according to equation (1). Their peaks were all focused
around -58 dB. Figure 5 shows the TS distribution of fish from the

3.2 Seasonal and diel difference in fish TS four hydroacoustic surveys.
For diel differences, the mean was significantly higher during the
The mean TS in summer daytime, summer nighttime, winter ~ daytime than nighttime in summer (Wilcoxon test, p < 0.05), but the
daytime, and winter nighttime were (-49.1 £ 3.7) dB, (-55.1 + 4.3) dB,  slope and intercept of SMA were not significantly different from the

® Summer Daytime 4 Summer Nighttime # Winter Daytime + Winter Nighttime

—20--36  -38 40 12 a4 16 18 50 52 54 56 58

Target Strength (dB)

FIGURE 5
Fish TS distribution from four hydroacoustic surveys in Yudong Reservoir

Frontiers in Marine Science 05 frontiersin.org


https://doi.org/10.3389/fmars.2022.1119410
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Mei et al.

expected value (SMA r = 0.2432, p > 0.05; SMA t = 0.3098, p > 0.05).
However, there was no significant correlation in the mean TS between
daytime and nighttime in winter, but both the slope and intercept
were significantly different from the expected values (SMA r =
-0.6308, p < 0.05; SMA t = -3.147, p < 0.05) (Figure 6).

For seasonal differences, the daytime mean TS was significantly
different (Wilcoxon test, p < 0.05), but the slope and intercept were
not significantly different from the expected value (SMA t = 0.2663, p
> 0.05; SMA r = 0.2856, p > 0.05). However, the nighttime mean TS
was not significantly different (Wilcoxon test, p > 0.05), nor was the
slope or intercept significantly different from the expected value
(SMA t = -1.379, p > 0.05; SMA r = -0.3304, p> 0.05) (Figure 6).

3.3 Seasonal and diel difference in fish
vertical distribution

According to the water depth of the Yudong Reservoir and the
vertical distribution of fish in each water layer, the whole water
column was divided into seven water layers, 0-5 m, 5-10 m, 10-15
m, 15-20 m, 20-25 m, 25-30 m and 30-60 m, and the percentage offish
density in each water layer in summer and winter seasons was
calculated respectively (Figure 7).

For diel differences, there was significant difference in the vertical
distribution in summer (Wilcoxon test, p < 0.05), but there was no
significant difference in winter (Student’s test, p > 0.05) (Figure 7).
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For seasonal differences, there was significant difference in the
vertical distribution during daytime and nighttime (Wilcoxon test,
p < 0.05).

Summer and winter values showed different vertical distribution
patterns. There were more than 90% of fish distributed in the water
layer above 15m during both daytime and nighttime in summer,
especially in the 0-5m water layer, which accounted about for 60%,
but the number of fish active in the 5-10m water layer accounted for a
higher percentage during the nighttime than daytime in the nighttime
than at daytime, while the number of fish distributed in the 10-15m
water layer during the daytime was higher than nighttime. Unlike
summer, fish were mainly distributed between 5-30m water layer
during the daytime and nighttime in winter. These results suggest that
fish could migrate to the surface during the nighttime in summer but
not in winter.

4 Discussion

4.1 Factors influencing changes in
fish density

Regarding the density difterence in diel cycle. (Figures 3, 4). The
mean density detected during the nighttime was approximately twice
as high as during the daytime in both winter and summer. Many
studies also supported this result (Lyons, 1998; Ye et al., 2013; Lian
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0.05). The red line represents the 1:1 line, and the black line the relationship estimated by the SMA (N = 9)
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FIGURE 7
Fish density ratio of each water layer from four hydroacoustic surveys
in Yudong Reservoir.

et al., 2017). Potential reasons may include the following, (i) Related
to the diel rhythm of fish, the aggregation behavior of fish is more
evident during the daytime than at nighttime (Appenzeller and
Leggett, 1992). Hence, the beam from the hydroacoustic detector
radiates on the acoustic scattering cross section of the upper fish, and
it immediately reflects on the detector’s receiving, resulting in the
beam not penetrating the upper fish and detecting the lower fish
(Orduna et al., 2021). (i) Related to the anti-predatory behavior of
fish, the light intensity during the daytime is favorable to the
predatory activities of predators, and many fish migrate to shallow
waters or hide under some shelters such as aquatic plants and rocks to
avoid predators (}v(iha et al., 2015; Christensen and Persson, 1993;
Wolter and Bischoff, 2001; Prchalova et al., 2008; Mehner, 2012),
hydroacoustic surveys usually actively avoid these areas considering
safety, but they return to deeper water during the nighttime, resulting
in the detection of fish during the daytime density being higher than
at nighttime. (iii) Fish are more active during the daytime than at
nighttime and have a more extraordinary ability to avoid vessels and
hydroacoustic detectors (DuFour et al., 2018).

Regarding the density difference in seasons, the mean density was
significantly different during the nighttime but not daytime. This
follows the result that the lower temperature, the higher density of fish
detected during the nighttime (Winfield et al, 2007; Loures and
Pompeu, 2015), however, this difference is acceptable from the
fisheries management perspective. The SMA was significantly
different during the daytime, which can only indicate greater
seasonal variation in nine areas with more significant density
(Figure 7), regardless of the overall density.

4.2 Factors influencing changes in fish TS

The SMA results showed that mean TS distribution has
significant correlations in nine areas between daytime and
nighttime in winter, indicating significant differences in the total
length of fish detected in different areas. However, the mean TS
during summer daytime was much higher than in the other three
hydroacoustic surveys, and a similar result was also found by Girard
et al,, (2020). Some possible explanations for this might be that fish
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have an assertive aggregation behavior in late summer and early
autumn, resulting in TS error assessment due to the thermal
stratification effect of the waterbody. Secondly, there are high
densities of juvenile fish in reservoirs, often in groups, migrating
to shallower waters or under some shelter during the daytime to
avoid predators and returning to deeper waters to feed during the
nighttime (Appenzeller and Leggett, 1992; Wolter and Bischoff,
2001; Prchalova et al., 2008; Probst et al., 2009), resulting in a low
density of fish detected during summer daytime. In addition, low
water temperature affects the activity of fish digestive enzymes in
winter (Russell et al., 1996; Person-Le Ruyet et al., 2004; Zhang et al.,
2017), reducing the predation pressure on juvenile fish and
increasing the probability of detection. Hence, the mean TS of fish
detected in winter daytime and nighttime was smaller than that in
summer daytime.

4.3 Factors influencing changes in fish
vertical distribution

The vertical distribution of fish had significant seasonal
characteristics. The fish were mainly distributed in the water
layer above 15 m, and almost no fish activity in the water layer
below 15 m in summer. The vertical distribution of fish showed
diel differences in summer, indicating the existence of diel vertical
migration of fish, which may be related to the vertical migration of
plankton, which is influenced by light, nutrient salts and water
disturbance (Ringelberg, 1995), etc., and will migrate down to the
water surface in the dawn and up to the water surface in the
evening (Han and Straskraba, 1998), and forced by feeding
pressure, most fish will also migrate with the migration of
plankton (Mehner, 2012). Secondly, it may be related to the
dissolved oxygen content of the water column, the dissolution of
oxygen in the air, and the photosynthesis of phytoplankton during
the daytime, making the whole water column with sufficient
dissolved oxygen. During the nighttime, photosynthesis is
weakened, the respiration of organisms consumes a large
amount of dissolved oxygen in the water column, and the lower
water column is not replenished with oxygen (Bezerra-Neto and
Pinto-Coelho, 2007; Du et al., 2019), forcing the middle and lower
fish to move up to breathe oxygen, so the fish have a significant
difference in summer diel cycle. In winter, plankton and dissolved
oxygen are distributed in each water layer. They are less affected by
diel and seasonal plankton (Magnesen, 1989; Zhang et al., 2022),
so fish do not need to migrate vertically for oxygen and food.
Therefore, there was no significant difference between daytime and
nighttime in the vertical direction in winter.

5 Conclusions

The SMA test and vertical distribution of fish results indicate
horizontal and vertical migratory behaviors of fish influenced by diel
and seasonal rhythms, which could affect the hydroacoustic
assessment of fish resources. The mean density was less influenced
by season and more by diel cycle, and the nighttime estimates being
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less influential than daytime. Nevertheless, there were no significant
differences between mean TS, except for summer daytime, and this
bias may be influenced by fish behavior. The density and TS are vital
indicators for biomass, after calculation, the mean biomass in summer
nighttime and winter nighttime were 6.63 (g/m) and 6.93 (g/m), and
we believe this is well within experimental error, and thus such a
difference is perfectly acceptable. Given the above considerations,
hydroacoustic surveys could be conducted during the nighttime in
Yudong Reservoir and other similar plateau deep water reservoirs. In
addition, regardless of time and cost, hydroacoustic surveys during
winter nighttime are recommended for more accurate assessments of
fish populations density and biomass.
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