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Habitat degradation has caused reduction in fishery yields inmany freshwater ecosystems,
particularly recession of water levels in natural lakes. Poyang Lake, the largest freshwater
lake and one of the most exploited regions in China, has exhibited a dramatic variation in
the water level for decades, especially after the operation of the Three Gorges Dam. We
evaluated the long-term dynamics of fishery yields and the relationship to hydrological
variability of Poyang Lake from 1990 to 2016. There was a strong positive effect on the
annual maximum water level (Hmax), the minimum water level in April (HMmin4), the
maximum water level in August (HMmax8), the average water level in October
(HMmean10), and the number of days when the water level was above the wet
threshold (Wetdays) on fishery yields. The all-subsets regression model identified the
best variable combination subset which contains eight hydrological variables (R2 =
0.9493), and the HMmin4, HMmax8, and HMmean10 variables were the most
important variable predictor for fishery yields (contributing to 63.03% of the explained
variability). The Mann–Kendall test showed that the time series of the fishery yield of
Poyang Lake had significant decreasing trends over the past few decades. Moreover,
Wetdays,HMmin4, andHMmean10 also showed significantly decreasing abrupt changes,
and the abrupt changes’ time of HMmean10 was the same as that of the fishery yield in
2005. The mean fishery yield and HMmean10 dropped from 42,581 tonnes and 14.15m
during 1990–2005 to 27,464 tonnes and 11.78m during 2006–2016, respectively. This
study is critical for implementing effective strategies for the protection of fish resources and
lake ecosystems.
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INTRODUCTION

River–floodplain system integrity is strongly associated with natural flow regimes (Poff et al., 1997;
Chovanec and Waringer, 2001), and periodic flooding plays an important role in large river
ecosystems (Junk et al., 1989; Poff et al., 1997; Junk, 1999). River–floodplain systems have high
biodiversity and high productivity, owing to diverse habitats driven by the changes in frequency,
magnitude, and timing of the floods (Welcomme, 1979; Bayley, 1995), which can be crucial for
aquatic fauna, especially for fish (Robinson et al., 2002; Górski, 2010).
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Floodplains are known as important spawning, nursery,
and refuge habitat for riverine fish during the flooding season,
which could increase the availability of plant-based food
resources and enhance growth and recruitment rates
(Prance and Goulding, 1981; Agostinho et al., 2004; Nunn
et al., 2007). Conversely, declining water levels trigger
mortality processes by constraining fish to small water
bodies, where increased fish densities intensify predation
rates and poor water quality (Welcomme, 1979; Matthews
and Marsh-Matthews, 2003; Castello et al., 2011; Castello
et al., 2015). Fluctuation in water levels, thus, influences
fishery yields. Extremely high water is considered to
increase biomass by enhancing the growth and recruitment
rates of fish, while extremely low water is considered to
reduce biomass (Halls and Welcomme, 2004). Therefore,
fishery yields are linked to natural flood pulse dynamics
and are expected to respond to flood alterations (Castello
et al., 2015).

However, river–floodplain systems are strongly influenced
by global climate change and intensified human activities,
while water level decline, frequent floods, and droughts are the
main threats faced by lake ecosystems (Paerl et al., 2011; Jian
et al., 2015; Li et al., 2020). These changes have an impact on
biomass and the production of fishes (Welcomme, 2001).

Poyang Lake is the largest floodplain lake in China and
supports high biodiversity and high productivity. Poyang
Lake provides critical habitats for nearly half of the entire
population of the endangered Yangtze finless porpoise
(Neophocaena asiaeorientalis) and nearly 95% of the entire
world population of the endangered Siberian crane
(Leucogeranus leucogeranus) (Wu et al., 2009; Dronova
et al., 2011) and many rare fish species such as seasonal
shad (Tenualosa reevesii) (Liu et al., 2019b). Poyang Lake is
also the highest in fish biodiversity and fishery productivity in
the Yangtze River Basin (Liu et al., 2019b; Zhang et al., 2020).

Since the 2000s, the hydrologic regime of Poyang Lake has
undergone significant modification, and the associated
ecological impacts have drawn much attention (Mei et al.,
2015; Ye et al., 2018). Climate change, operation of the Three
Gorges Dam (TGD), and sand mining appear to be the leading
causes of the water level decline in Poyang Lake (Li et al.,
2020), particularly the operation of TGD (Zhang et al., 2015;
Liu et al., 2016). The impacts of the dramatic recession of the
water level in Poyang Lake mainly focused on different aspects
of the environment, i.e., water quality (Li et al., 2018),
landscape (Feng et al., 2016), migratory birds (Tang et al.,
2016), and Yangtze finless porpoises (Li et al., 2020), but little
focus has been given to its impact on fish resources.

The objective of our study was to quantitatively analyze
variations in fishery yields of Poyang Lake and to assess how
they respond to fluctuations in the annual water level. For this
purpose, we first analyzed the characteristics of the fishery
yields and the annual water level in Poyang Lake (1990–2016).
Then, we analyzed the relationship between the fishery yield
and annual water level. Finally, we examined the influence of
hydrological changes on the fishery yield.

MATERIALS AND METHODS

Study Area
Poyang Lake is located in the middle reaches of the Yangtze River
(Figure 1), which is one of the most exploited regions in the
Yangtze River Basin (Zhang et al., 2020). Poyang Lake has a
length that fluctuates from 74 to 173 km (Feng et al., 2011). In the
flood season (April–August), the lake is a large floodplain, which
has an area of >4000 km2 and an average depth of about 11.6 m as
the water level is approximately 22 m. In the dry season
(September–March), the lake transforms into different
landscape types, which have an area of<1000 km2 and an
average depth of about 3.7 m as the water level is
approximately 8 m (Shankman et al., 2006; Wang et al., 2011;
Qi et al., 2016).

Data Collection
The data on fishery yields in Poyang Lake were mainly obtained
from the Bulletin on the Ecological and Environmental
Monitoring Results of the Three Gorges Project from 1997 to
2016. During 1990–1996, the fishery yield data were obtained
from Cui and Li (2005). All hydrological data were obtained from
the Hydrology Bureau of Jiangxi Province.

For the detailed analyses of water level characteristics, we
identified 42 potentially relevant hydrological variables from the
daily data records from 1990 to 2016. As a general rule, it is
customary for the lake level at the Xingzi station to drop below
12 m as a sign that Poyang Lake has entered the dry period, and
the lake level below 10 was extreme droughts, while rising above
16 m as a sign of entering the flood period (Huang et al., 2021).
These variables included the annual or monthly water level, the
number of days/year ≥16 m was used as an indicator of flood
duration, the number of days/year ≥12 mwas used as an indicator
of wet duration, and the number of days/year ≤10 m was used as
an indicator of extreme dry duration. These variables were used as
predictor variables for the purpose of modeling the influence of
hydrological variables on metrics of fishery production (Table 1,
Table 2).

Data Analysis
We performed an all-subsets method of model selection, as
implemented using the leaps in R (Lumley and Miller, 2009).
The all-subsets regression analysis was conducted using data from
1990 to 2016; the fishery yield was used as the response variable,
with 42 hydrological variables used as explanatory variables. This
method selects the single best combination of variables for each
subset of variables (e.g., 2 variables, 3 variables. . .42 variables),
using a branch and bound search algorithm. The best variable
combination for each subset was then compared using BIC, with
the combination with the lowest BIC score selected. Correlations
between all pairs of fishery yields and hydrological variables were
estimated for the best variable combination subsets using a
Pearson correlation coefficient.

To determine whether or not a trend exists in time series
data of fishery yields and hydrological variables in Poyang
Lake, a Mann–Kendall (MK) trend test was conducted. The
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MK test (Mann, 1945; Kendall, 1975; Gilbert, 1987) is a
nonparametric test used to statistically assess if there is a
monotonic upward or downward trend of the variable of

interest over time. A monotonic upward (downward) trend
means that the variable consistently increases (decreases)
through time, but the trend may or may not be linear. The
MK test can be used in place of a parametric linear regression
analysis, which can be used to test if the slope of the estimated
linear regression line is different from zero. Significance was
assessed at 0.05.

The sequential MK test is useful for finding the year in
which a trend starts, abrupt changes in direction, and
fluctuations in direction (Bari et al., 2016). This test
consists of two sets, progressive series u(t) and backward or
retrograde series u′(t). When a progressive series cross ±1.96
(95% confidence limit) and does not return, it indicates that
there is existence of a significant increasing or decreasing
trend. The abrupt change can be statistically significant
when u(t) and u′(t) cross each other beyond straight lines
at ± 1.96 (95% confidence limit). The intersection of u(t) with

FIGURE 1 | Map of the Yangtze River between the Three Gorges Dam and Poyang Lake.

TABLE 1 | Hydrological variables selected for the analysis.

Hydrological variable Description

Hmax Maximum water level of the year
Hmean Mean water level of the year
Hmin Minimum water level of the year
Flooddays Number of days with the water level (H) above the flooding threshold
Wetdays Number of days with the water level (H) above the dry threshold
Drydays Number of days with the water level (H) below the extreme dry threshold
HMmaxi Monthly maximum water levels, i from 1 to 12
HMmeani Monthly mean water levels, i from 1 to 12
HMmini Monthly minimum water levels, i from 1 to 12

TABLE 2 | Estimated regression coefficients (along with standard errors) and
summary statistics.

Estimate Std. error t-value Pr (>|t|)

(Intercept) −213896 18186.51 −11.761 <0.001***
Hmax −5875.56 1274.73 −4.609 <0.001***
Flooddays −358.13 39.46 −9.075 <0.001***
Wetdays −236.11 36.31 −6.503 <0.001***
HMmin4 7167.08 870.83 8.23 <0.001***
HMmax6 3891.56 793.84 4.902 <0.001***
HMmax8 11083.6 1028.96 10.772 <0.001***
HMmean10 5190.89 648.31 8.007 <0.001***
HMmin11 2635.68 649.26 4.059 <0.001***

Multiple R-squared: 0.9493, adjusted R-squared: 0.9268, F-statistic: 42.15 on 8 and 18
DF, and p-value: 4.219e−10. (Signif. codes: < 0.001***, <0.01**, and <0.05*).
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FIGURE 2 | Plots of adjusted R2 (A), BIC (B), the relative importance of predictor variables (C), and the fitted value of fishery yields (D) for all-subset regression
analyses.

FIGURE 3 | Pearson correlation coefficient matrix of best variable combination subsets in all-subsets regression models (Signif. codes: < 0.001ppp, <0.01pp,
and <0.05p).
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u′(t) in between the straight lines is considered insignificant.
The u(t) and u′(t) values can be calculated for the time series
(x1, x2, . . ., xn), according to Partal and Kahya (2006).

RESULTS

Fishery yields in Poyang Lake showed declining trends during
1990–2016. The average decadal yields from the 1990s to 2010s
were 46,400, 31,750, and 25,916 tonnes, respectively. The

maximum yield of 71,900 tonnes was reported in 1998, and
the minimum yield of 22,300 tonnes was reported in 2011.

The multivariate fishery yield predictive equations were
generated using all-subsets model methods. Based on the
corresponding BIC values, the best variable combination
subsets contain Hmax, Flooddays, Wetdays, HMmin4,
HMmax6, HMmax8, HMmean10, and HMmin11 (Figure 2).
The relative importance of predictor variables of HMmax8,
HMmean10, and HMmin4 was relatively higher. There is a
positive correlation relationship between fishery yields and
Wetdays (r = 0.627, p < 0.001), HMmin4 (r = 0.537, p < 0.01),
HMmax8 (r = 0.705, p < 0.001), and HMmean10 (r = 0.6,
p < 0.01) (Figure 3).

The MK trend analysis and change point detection show that
fishery yields, Wetdays, HMmin4, and HMmean10 have
significant decreasing trends (p < 0.05) (Table 3). An
insignificant decreasing trend was observed for other
hydrological variables in the best variable combination subsets.

The results for the annual visibility time series suggested that
the fishery yields, Wetdays, HMmin4, and HMmean10 have one
significant change point (Figure 4). For instance, fishery yields
and HMmean10 have one significant change point (abrupt
change) in 2005. This significant change point is observed
based on the intersection between u(t) and u′(t) under the
dotted line, which is a threshold of −1.96 (95% confidence

TABLE 3 | Results of the MK trend analysis and change point detection.

Z p-value Tau Year
of abrupt changes

Fishery yields −4.253 0.0000 −0.584 2005
Hmax −1.918 0.0551 −0.265
Flooddays −0.063 0.9501 −0.011
Wetdays −3.108 0.0019 −0.429 2000
HMmin4 −3.586 0.0003 −0.493 1998
HMmax6 −0.605 0.5454 −0.086
HMmax8 −1.022 0.3069 −0.143
HMmean10 −2.710 0.0067 −0.373 2005
HMmin11 −1.418 0.1563 −0.197

FIGURE 4 | MK test statistics for fishery yields and hydrological visibility. The dotted horizontal straight lines represent the upper and lower limits of the 95%
confidence interval.
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limit). The Wetdays and HMmin4 variables have a significant
abrupt change in 2000 and 1998, respectively.

DISCUSSION

Fishery Yields Responding to Hydrological
Alterations
Water level fluctuations are among the major driving forces for
shallow lake ecosystems and play an important role in the
structure and function of these ecosystems (Coops et al.,
2003). This study contributes to understanding the complex
interannual dynamics of floodplain lake fisheries. Based on the
all-sub regression model, the best variable combination subsets
contain eight hydrological variables, and the fitting effect is good
(R2 = 0.9493).

HMmin4, HMmax8, and HMmean10 were the most
important variable predictors for fishery yields, which
contributed 63.03% of the explained variability in yield. The
start of the flooding time of Poyang Lake is in April. When
the water level rises, terrestrial vegetation is submerged, resulting
in better spawning conditions for many fish species in Poyang
Lake (Ding, 2017). Moreover, plankton and fish production
would be increased because of nutrients from inflowing water
and leaching from decomposing organic matter (dung, terrestrial
grass, and shrubs) (Liu et al., 2019a). In August, flooding of the
marginal areas results in excellent conditions for the growth and
survival of juveniles of both lake-residence fish and river–lake
migratory fish (Tan et al., 2015; Zhang et al., 2021). In October,
the drainage from Poyang Lake determines the feeding time of
fish (Zeng, 1990). This strong relationship between fish
productivity and water level fluctuation is also proved in many
floodplain lakes (Karenge and Kolding, 1995; Talling, 2001;
Kolding and van Zwieten, 2012).

Anthropogenic Disturbances Result in the
LakeWater Decline Affect the Fishery Yields
This study shows that the recession of the water level is becoming
more frequent and intense in Poyang Lake, strongly affecting the
freshwater fisheries. The mean fishery yields and HMmean10
dropped from 42,581 tonnes and 14.15 m during 1990–2005 to
27,464 tonnes and 11.78 m during 2006–2016, respectively. The
same phenomenon has been discovered in the Kafue River in
Africa, where the low waters of an average hydrological year
decreased by 40% the fish biomass found in the preceding high
waters (Caraballo et al., 2014).

It was well documented that the lake area was shrinking, and the
water level was continuously declining in Poyang Lake (Feng et al.,
2012; Lai et al., 2014b; Yao et al., 2018). Since 2000, the dry season
has advanced and been prolonged, and the water decline has
accelerated in Poyang Lake (Dronova et al., 2011; Lai et al.,
2014a; Cheng et al., 2019). The establishment of the TGD and
the extensive sand mining were considered the two major factors
that have led to hydrological issues in Poyang Lake (Wu et al., 2007;
Guo et al., 2012).

The flow regimes in the mid-lower reaches of the Yangtze River
after the TGD began operating were completely different from
those during the pre-dam period (Chai et al., 2019), especially
during the impoundment periods of TGD from September to
November (Lai et al., 2014a). Poyang Lake is naturally connected
with the middle-lower Yangtze River. Thus, the TGD has a
remarkable effect on the decrease in the water level of Poyang
Lake (Huang et al., 2021) and is thought to intensify drought
during the dry season of Poyang Lake (Zhang et al., 2012; Li et al.,
2020), which would negatively affect the feeding grounds and
wintering grounds of fish in Poyang Lake. The abrupt changes in
time of HMmean10 and fishery yields of Poyang Lake were in
2005,just the year before the second impoundment of TGD (raised
the water level to 156 m) (Zhang et al., 2016). The contribution of
water storage of the TGD to the decline in the water level of Poyang
Lake from late September to mid-October is approximately 60%
(Wang et al., 2019).

CONCLUSION

This study shows that water level fluctuations are the major driving
forces for the fishery yields of Poyang Lake, and the recession of the
water level affects strongly on freshwater fisheries, especially the
water level in October. Previous research has detailed the
establishment of the TGD as one of the important events that led
to extreme changes in the hydrology conditions in Poyang Lake.
Moreover, the recent water decline in Poyang Lake should not be
viewed as a long-term natural trend but as a regime shift (Liu et al.,
2013; Li et al., 2020). It will be practical for future studies to focus on
the impacts of the decreasing water level to better understand the
different ecosystem processes of Poyang Lake to the water decline.
These efforts will serve to better protect and ensure the continued
health of the ecosystem.
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