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ABSTRACT

Global warming has been intensifying the water cycle, thereby altering regional climate systems and hydrological processes. This is particu-
larly the case for the Poyang Lake Basin (PLB) in monsoon-controlled southeast China, where climate changes and human activities are
evident. Our study aims to quantify the contributions of climate change and human activities to the spatiotemporal variations of the relevant
variables across meteorological and hydrological compartments on the basin scale. This study applies the moving t-test, Mann-Kendall test,
and linear regression models to quantify the impacts of climate change and human activities on changes in streamflow and lake level from
1960 to 2019. Results show that precipitation, streamflow, and air temperature have increased, but Poyang Lake level has declined. Change
points in streamflow trends are identified in 1991 and 2002 and in lake level in 2003. Contribution analysis indicates that climate change is the
primary driver of increased streamflow. However, after 2002, the contribution of climate change declined, while that of human activities
increased. The abrupt decline in lake level is mainly attributed to anthropogenic interventions. These findings identify the dominant factors
of hydrological change and provide guidance for ensuring water security and sustainable water resource management in the basin.
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HIGHLIGHTS

® Precipitation, streamflow, and temperature increased; lake level declined over the Poyang Lake Basin (1960-2019).
® The 1991 streamflow change point was driven primarily by climate change.

® The 2003 change point in the Poyang Lake water level was mainly driven by human activities.

® Climate change increased streamflow; human activities reduced lake level.

1. INTRODUCTION

Global warming is becoming increasingly severe due to both natural and anthropogenic impacts (Magnan et al. 2021,
Tollefson 2021). It has recently been reported that 2024 is the first year to exceed 1.5 °C above the pre-industrial level
(IPCC 2021). Meanwhile, the global climate system has been undergoing unprecedented changes due to rising air-tempera-
ture. Consequently, this rapid acceleration of global warming leads to higher variability of the water cycle, particularly at
regional scales (Taylor et al. 2013; Yang, D. et al. 2021; Wei et al. 2024; Rakkasagi & Goyal 2025). Such larger variability
of regional water cycle eventually results in higher frequency of severe floods and/or droughts (Ali et al. 2019; Pokhrel
et al. 2021; Zhang et al. 2022), thereby causing notable socioeconomic losses (Dottori ef al. 2018; Rakkasagi et al. 2023).
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Often, regional climate systems are modulated by changes in sea surface temperatures. For example, it is well acknowl-
edged that El Nifio-Southern Oscillation (ENSO) can further exacerbate precipitation variability (Rakkasagi et al. 2024),
as El Nifio events are associated with intense precipitation events or prolonged droughts in East Asia (Yang, Q. et al. 2021;
Yang, X. et al. 2021; Xing et al. 2022). In addition to warmer atmosphere and ocean, human activities, such as irrigation prac-
tices, reservoir operations, and land-use changes, also play critical roles in altering the regional water cycle (Ahn ef al. 2018;
Cooley et al. 2021; Dong et al. 2022, 2023; Kim et al. 2023; Yang et al. 2024; Yang et al. 2025). Under these circumstances, a
wide range of weather and climate extreme events, as well as natural hazards, have frequently occurred. Therefore, it is
necessary to revisit the changing regional climate and hydrology by the timely accommodation of new datasets and evolving
climate extremes (Xing et al. 2024). This facilitates improved understanding of particularly the relationship between meteor-
ological and hydrological variables at regional scales.

Our regional climate and hydrology analysis focuses on the East-Asia-monsoon-controlled Poyang Lake Basin (PLB) in
southeast China. The Poyang Lake is not only the largest freshwater lake in China but also serves as a natural reservoir
and seasonal flood buffer. The dynamic water exchanges among its five tributaries and the Yangtze River are vital for main-
taining the ecological balance and water availability downstream, especially during periods of extreme weather. For example,
during flooding seasons, the lake moderates high water flow of rivers such as the Gan River, reduces flood peaks, and alle-
viates water disasters in the middle and lower reaches. During dry seasons, it supplements the Yangtze River, maintains water
levels, ensures shipping, water intake, and ecological water use. Ecologically, the Poyang Lake supports one of the most
diverse and productive wetland ecosystems in East Asia, providing critical habitat for migratory birds. The lake also sustains
local fisheries and agriculture, making it essential for regional biodiversity, livelihoods, and water security. However, recent
climate changes, hydrological alterations, and human interventions have disrupted its natural rhythms, raising concerns over
its long-term hydroecological health and resilience. New challenges have been posed to optimal water resource management
and sustainable socioeconomic development. Therefore, revisiting recent hydrometeorological situations in the PLB is essen-
tial for attributing these variations to climate change and human activities there.

Numerous studies have shaded light on changes in the regional climate systems of the PLB from different perspectives. For
example, Ye et al. (2013) analyzed hydrometeorological changes in the basin from 1960 to 2007 and found that the impacts of
climate change and human activities on terrestrial hydrological processes differ across five sub-basins. In the Fu River Basin,
extensive agricultural water use led to reduced streamflow, particularly during drought years. Liu, G. et al. (2016) used the
Mann-Kendall (MK) test to analyze streamflow changes in the Gan River Basin from 1955 to 2010, discovering that land-
use changes there have no significant impacts on the annual streamflow variations, while human activities have significantly
redistributed water resources in the streams from one season to another season. Using the conceptual lumped Australian
Water Balance Model and multiple regression, Zhang et al. (2016a) assessed the impacts of climate change and human activi-
ties on the flow changes in five tributaries of the PLB. Their results indicate that, on an annual scale, the increase in
streamflow from the 1970s to the 1990s is mainly attributed to climate change and human activities, while the decrease in
streamflow is identified in the 2000s. On a finer temporal scale, the variations of streamflow during spring and summer
are different from those during autumn and winter, due to the different roles of climate change and human activities
(Zhang et al. 2016a). These findings generally highlight the complexity of the impacts of climate change and human activities
on hydrological cycles across different spatial and temporal scales, particularly under changing environments. Therefore, it is
necessary to revisit the respective contributions of these two factors in order to better understand their impacts on regional
water resources in a timely manner.

To this end, our study focuses on: (1) analyzing the spatiotemporal variations of key hydrometeorological variables in the
PLB to derive the regional climate information; and (2) quantitatively assessing the contributions of climate change and
human activities to changes in the basin-wide streamflow and water levels of the Poyang Lake. It is expected that our
study will provide timely knowledge and practical guidance for water security and sustainable water resource management
in the PLB.

2. STUDY AREA AND DATA

2.1. Study area

The PLB (27°N-30°N, 115°E-118°E) is located in the central region of southeast China and covers an area of approximately
162,200 km?. The climate of the basin is classified as subtropical humid monsoon climate. The average annual temperature of
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the basin ranges from 16.3 to 19.5 °C. The annual average precipitation across the basin ranges from approximately 1,300 to
1,900 mm, with a spatial distribution characterized by higher precipitation in the southeastern regions and lower amounts in
the northwestern regions. Regarding the seasonality of the precipitation, around 42%-53% of the annual precipitation falls
during the period from April to June. The basin exhibits high interannual variability in precipitation, with annual totals in
wetter years reaching nearly twice those of drier years. Consequently, the region frequently experiences both droughts and
floods.

The topography of the PLB is characterized by higher elevations in the south and lower elevations in the north (Figure 1).
The region features a dense river network that converges into five major tributaries: Ganjiang River, Fuhe River, Xinjiang
River, Raohe River, and Xiuhe River (Figure 1). The Poyang Lake receives inflows from the five tributaries and discharges
into the Yangtze River. Streamflow variations in the basin are largely influenced by precipitation associated with the Fast
Asian monsoon, resulting in a high-flow period in summer and a low-flow period in winter. With respect to human activities,
irrigation withdrawals account for about 60% of total water withdrawals in the basin. In addition, the PLB contains more
than 10,000 large, medium, and small reservoirs, which play a significant role in regulating streamflow and managing
water resources.

2.2. Data

In this study, in sifu meteorological and hydrological records are used for the analysis. The daily meteorological data are col-
lected from 13 meteorological stations in the basin (Figure 1 and Table 1), and cover the period from 1960 to 2019. The data
from the 13 stations is selected due to their high-quality control standards, particularly in terms of temporal continuity and
geographical representativeness. Specifically, these 13 meteorological stations are managed by the National Meteorological
Information Center of the China Meteorological Administration, and the corresponding quality control has been conducted
by the operational department in accordance with the QX/T 118-2020 industry standard. In our analysis, we have further

114°E 115°E 116°E 117°E 118°E
30°N-]
29°N-]
28°N-]
27°NA]
® Meteorological stations
£ Hydrological stations
26°N Streams
B9 Poyang Lake
CJPoyanglake basin
Elevation (m)
25°N-] 1997
77
24°N-]

Figure 1 | Locations of the meteorological and hydrological stations in the PLB.
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Table 1 | Information about the meteorological stations in the PLB

station Longitude Latitude Sub-basin
Xiushui 124°34/ 29°1 Xiushui basin
Yichun 114°13 27°28 Ganjiang basin
Ji’an 114°34' 27°4 Ganjiang basin
Suichuan 114°30' 27°4 Ganjiang basin
Ganzhou 114°34 25°30 Ganjiang basin
Nanchang 115°32 28°21 Ganjiang basin
Zhangshu 115°19 28°2 Ganjiang basin
Poyang 116°40/ 29° Poyang Lake
Jiangdezhen 117°7 29°48 Raohe basin
Guixi 117°7 28°10 Xinjiang basin
Yushan 118°9 28°24/ Xinjiang basin
Nancheng 116°39’ 27°34 Fuhe basin
Guangchang 116°12 29°30' Fuhe basin

applied quality control measures to remove missing values, such as interpolating short gaps, to enhance the reliability of our
results.

Daily streamflow data from 1960 to 2019 are obtained from five major hydrological stations in the basin, namely, the Waiz-
hou, Meigang, Hushan, Wanjiabu, and Lijiadu stations. These five hydrological stations are located at the outlet of these five
sub-basins, namely, the Ganjiang River, Xinjiang River, Raohe River, Xiuhe River, and Fuhe River basins. These stations effec-
tively capture the terrestrial hydrological characteristics of their corresponding regions. The spatial distribution of the
meteorological and hydrological stations is illustrated in Figure 1 and detailed in Table 2.

3. METHODS
3.1. Trend analysis and change point analysis
3.1.1. Trend rate

In this study, the trend of an investigated hydrometeorological variable is quantitatively estimated by fitting a linear equation
with least squares:

2,(t) = po + pat @

where p; is the increasing or decreasing rate for the investigated variables. Here, we calculate the change rate for every ten
years; p;> 0 indicates an increasing trend, and p; < 0 indicates a decreasing trend. This method has assumptions of normal
distribution and no autocorrelation.

Table 2 | Information about the hydrological stations at the five major tributaries in the PLB

station Longitude Latitude Sub-basin
Waizhou 115°49y 28°37 Ganjiang basin
Meigang 116°49’ 28°25 Xinjiang basin
Hushan 117°16' 28°55 Raohe basin
Lijiadu 116°10 28°13 Fuhe basin
Wanjiabu 115°39Y 28°51' Xiushui basin
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3.1.2. Sen’s slope
Sen’s slope (Sen 1968) is additionally applied here to detect and quantify monotonic trends (Dong et al. 2021; Dorjsuren et al.
2024). It is a robust non-parametric statistical method to estimate monotonic trends and is particularly useful when data are
subject to outliers or non-normal distributions. The slope S;; is calculated as follows:

Yi —Yi

N TV
Sl] xi_xi,l ] (2)

where x; is years, and y; is the hydrometeorological data on a yearly scale. The Sen’s slope estimator 3 is the median of all
derived slopes S;;:

B = median (S;) 3)

where > 0 indicates an increasing annual trend, and 8 < 0 indicates a decreasing annual trend. The magnitude of 8 means
the average change rate per year, and is particularly useful for the identification of long-term trends.

3.1.3. Moving t-test

To identify change points in the long-term trends, the moving #-test with appropriate sliding window sizes is used here. We
perform the #-test at a certain significance level (e.g., p > 0.05) to analyze two subsamples to test if their means are signifi-
cantly different. For our analysis, the window size ranges from 2 to 30, and the formula for the #test is as follows:

t:% @
1,52

1 N2

where y; and y, are the means of the two subsamples of a given time-series x,,, s; and s, are their standard deviations, and 7;
and n, are the number of points in each subsample.

3.1.4. MK trend test

The MK test is used in this study to examine the trend in time series and evaluate the importance of monotonic trends in time
series. It is a non-parametric statistical method initially proposed by Mann and Kendall (Mann 1945; Kendall 1975). This
method has the advantages of (1) less demand in computational resources, (2) no assumption of a specific distribution for
the data, and (3) accounting for missing values and outliers in the data.

Assume a time series 21, 25, .., 2;, -, 2y, consisting of # independent observations:

n i—1
S =Y sign(z —2) (5)
i—2 j=1
1, % >z
sign(zi—z)=4¢ 0, =z =g% (6)
-1, z< zj
S-1 , $>0
Vnm—1)(2n +5)/18
Z= 0, S=0 (7)
S+1) 0

Vnm —1)(2n +5)/18’

where the value of Z indicates the direction and strength of the trend. A positive (negative) value of Z means an increasing
(decreasing) trend. For a two-tailed test with a significance level of 0.05, the critical Z-value is 1.96. This value defines the
boundaries of the rejection for the significance test of the increasing trend.
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3.2. Model set-up and attribution analysis

3.2.1. Model set-up

Linear regression analysis is performed to assess the relationship between precipitation and its hydrological responses
(streamflow and lake water level). This method helps quantify the strength and characteristics of these relationships, helping
to identify trends and make predictions about future hydrological responses. The regression equations used are:

Qm:axpostFCl (8)
Hm:BXPObs“’CZ (9)

where Q., and H, represent simulated streamflow and simulated lake water level, respectively. Py is observed precipitation,
a and g are streamflow and lake water level regression coefficients, respectively, and C; and C, are constants.

3.2.2. Attribution analysis

In this study, we assume that the change in streamflow is mainly caused by natural climate change and human activities.
Therefore, we attribute the changes in streamflow (AQ,) to two aspects, including the change of climate change (AQ.) and
human activities (AQy,), which are calculated as follows:

AQc = Qam — Qp (10)
AQh = Qa — Qam (11)
AQ=AQc +AQL =Qa — (12)

where Q.n, is the modeled streamflow after the change point, and Qp, and Q, are the observed streamflow before and after the
change point, respectively.
The contributions of climate change (U.) and human activities (U},) were calculated as follows:

O aQ

Ue = 12Gu = 18] (13)
B |AQy]

Uh = (3] + 18] 14)

As for Poyang Lake water level, the change of climate change (AH.), human activities (AH},), and the total change (AH}) in
lake water level were calculated as follows:

AH, = Hym — Hy, (15)
AHjy, = H, — Ham (16)
AH, = H, — Hj, (17)

where H,, is the modeled lake water level after the change point, and Hy, and H, are the observed lake water level before and
after the change point, respectively.
The contributions to lake level from climate (P.) and human activities (Py,) are calculated as follows:

|AH,|
_ 18
© = TAQu| 1 |AF] (18)
B |AHY, |
Ph = (3l + AHL| (19)
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3.2.3. Monte Carlo-based uncertainty quantification

To quantify uncertainty, we conduct a Monte Carlo simulation by generating 10,000 sets of regression coefficients based on
the parameters of the baseline model. For each set, we re-calculate contributions, and the median values along with the 95%
confidence intervals are derived from the resulting distribution, providing robust estimates of uncertainty.

4. RESULTS
4.1. Temporal characteristics and spatial distribution of precipitation and temperature
4.1.1. Temporal characteristics

The annual precipitation in the PLB from 1960 to 2019 has a slightly wetting trend with considerable fluctuations. The highest
annual precipitation occurs in 2012 (around 2,170 mm/year), while the lowest is recorded in 1963 (1,130 mm/year) (Figure 2).
The trend slope for annual precipitation is 3.43 mm/year, but statistically insignificant (Z < 1.96) (Table 3). The five-year
moving averages of precipitation smooth out the short-term fluctuations and highlight the long-term upward trends in
observed streamflow. The temporal variation of the five-year moving average shows increasing precipitation trends in the
1970s, the 1990s, and the 2010s. For example, a steady upward trend is found in the 1970s. In the 1990s, the upward
trend was more pronounced, and the steeper slope and smaller fluctuations indicate a faster wetting rate in precipitation.
In the 2010s, the wetting trend continues despite minor fluctuations.

As for the trend in 2 m air temperature (Figure 3), a fluctuating warming trend (blue dashed line) is found for the basin over
the past 60 years. The highest recorded temperature (19 °C) occurred in 1998, and the lowest temperature (17 °C) occurred in
1976 (black line). The temperature has increased significantly at a rate of 0.02 °C per year over the past 60 years (Z > 1.96)
(Table 3), and the overall average temperature has increased about 1.1 °C (Figure 3). Using the five-year moving average (red
line) to smooth short-term fluctuations, a downward (cooling) temperature trend is observed in the basin from the 1960s to

Annual Precipitation with Trend Line and 5-Year Moving Average
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Figure 2 | Annual basin-averaged precipitation trends in the PLB; annual values (black), five-year moving average (red dashed), and linear
trend (blue dashed).

Table 3 | Sen's slope (), linear trend (p), Z-statistic of MK of precipitation, and temperature

Variable B p z
Precipitation 3.43 mm/year 31.39 mm/10a 1.59
Temperature 0.021 °C/year 0.199 °C/10a 5.70%**

Note: *** denotes statistical significance at the p < 0.001 level.
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Annual Mean Temperature with Trend Line and 5-Year Moving Average
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Figure 3 | Annual basin-averaged temperature trends in the PLB (1960-2019); annual values (black), five-year moving average (red dashed),
and linear trend (blue dashed).

the early 1970s. A slight increase in the temperature is found from the mid-1970s to the early 1990s. However, from the mid-
1990s to the early 2010s, the increase rate became more pronounced (Figure 3).

4.1.2. Spatial distribution

The spatial distribution of the multi-year average temperature in the PLB from 1960 to 2019 is depicted in Figure 4. The temp-
erature values across the basin range from approximately 15.8 to 18.4 °C. Notably, the average temperature in the northern
regions is lower than that in the southern regions. The lowest temperatures were observed particularly in the northwest part of
the basin. Figure 4 illustrates the temperature trends observed at the selected meteorological stations. The Z-values of each
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Figure 4 | Spatial distribution of multi-year average temperature and MK trend significance (Z-values) at meteorological stations in the PLB
(1960-2019).
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station are greater than 1.96, indicating that the annual average temperature at all stations in the basin from 1960 to 2019
shows a statistically significant warming trend.

The spatial distribution of multi-year average annual precipitation in the PLB from 1960 to 2019 is shown in Figure 5. Pre-
cipitation ranges from approximately 1,443 to 1,941mm/year. The northern regions of the basin generally receive more
precipitation than the southern regions. The highest precipitation (1941.24 mm/year) is found in the northeastern part of
the basin. Over the past 60 years, the annual precipitation at all selected stations in the basin shows an increasing trend,
but only the trend at Ji’an station passes the 0.05 significance test (Figure 5).

4.2. Variability of streamflow and lake water level

Figure 6 depicts the annual streamflow variations from 1960 to 2019 at five hydrological stations in the PLB: (a) Lijiadu, (b)
Hushan, (c) Meigang, (d) Waizhou, and (e) Wanjiabu. Overall, the streamflow at each station exhibits significant interannual
variability, with a slight increasing trend observed over the study period. Nevertheless, the change trends in all sub-basins
fail to pass the 0.05 significance test (Table 4). A pronounced increase in streamflow is observed at all stations during the
1960s to the mid-1970s, the late 1980s to the mid-2000s, and the late 2000s to the mid-2010s. In contrast, the remaining
period is characterized by a notable decrease. Peak streamflow is particularly high in the late 1970s, the early 2000s, and
the mid-2010s. The streamflow varies significantly among the stations. For example, the streamflow at Waizhou ranges from
1,000 to 3,500 m®/s, whereas at Wanjiabu, it ranges from 50 to 225 m>/s, indicating that the streamflow at the Wanjiabu station
is much lower than that at the Waizhou station. In terms of long-term trends, the streamflow at the Lijiadu station remains rela-
tively stable, whereas the Meigang, Hushan, Waizhou, and Wanjiabu stations show an increasing trend over the 60-year period.

The annual water level variations in the Poyang Lake from 1960 to 2019 are shown in Figure 7. Significant interannual fluc-
tuations are observed, with notable peaks in the late 1970s, the mid-1980s, and the late 1990s. Despite short-term variability, the
five-year moving average indicates a general increase in water levels until the mid-1980s, followed by a decline and stabilization
in recent years. From 1960 to the mid-1980s, the water level exhibits an overall upward trend, followed by a decrease and a
relatively stable trend before 2000, and a clear downward trend during the 2000s. The overall trend line indicates a slight
decrease in water levels over the six-decade period. However, the trend is not statistically significant (Z = —1.26).
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Figure 5 | Spatial distribution of multi-year average annual precipitation and MK trend significance (Z-values) at meteorological stations in the
PLB (1960-2019).
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Annual Streamflow for Lijiadu with Trend Line and 5-Year Moving Average
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Annual Streamflow for Meigang with Trend Line and 5-Year Moving Average
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Figure 6 | Annual streamflow trends at five sub-basin stations (Lijiadu, Hushan, Meigang, Waizhou, and Wanjiabu) in the PLB (1960-2019),
annual values (black solid), five-year moving average (red dashed), and linear trend (blue dashed). (continued.).
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Annual Streamflow for Waizhou with Trend Line and 5-Year Moving Average
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Figure 6 | Continued.

Table 4 | Annual streamflow MK statistical values and linear trends in sub-basins of the PLB

station Meigang Waizhou Hushan Wanjiabu Lijiadu
Basin Xinjiang basin Ganjiang basin Raohe basin Xiushui basin Fuhe basin
MK Z-value 1.41 0.71 1.15 1.70 —0.02
Tendency rate (m® s/10a) 47.98 10.48 39.40 36.24 0.79

4.3. Change points in hydroclimate at regional scales

Here, we detect abrupt change years by applying the moving #test (Section 3.1.3). Figure 8 illustrates the frequency distri-
bution of these abrupt years in precipitation, streamflow, and lake water level, derived from different window sizes in the
moving f-test.

For precipitation (Figure 8(a)), the most frequently identified abrupt years occur between 1989 and 1992, with 1991
showing the highest detection frequency across multiple moving window sizes. This indicates that 1991 is a robust
change point in precipitation regimes. A notable cluster of abrupt years is also observed around 2002. These clusters
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Figure 7 | Annual mean Poyang Lake water level trends (1960-2019); annual values (black solid), five-year moving average (red dashed), and
linear trend (blue dashed).

suggest periods of instability in the precipitation variations, with especially frequent regime shifts in the early 1990s and
the early 2000s. For streamflow (Figure 8(b)), change points are predominantly identified in the late 1980s, the early
1990s, and the early 2000s. The year 1991 stands out with the highest frequency of detected breakpoints, followed by
2002. These findings are consistent with the precipitation results, suggesting a potential linkage in hydrological shifts.
For the Poyang Lake water level (Figure 8(c)), change years are densely concentrated between 1998 and 2005, with
2003 showing the highest frequency. This pattern indicates a strong phase of hydrological regime shift during this
period. Although fewer abrupt years are identified before the late 1990s, some changes also occur in the late 1980s
and the early 2000s.

Figure 8 collectively illustrates that abrupt changes in precipitation, streamflow, and lake water level are temporally
clustered rather than uniformly distributed. Two critical periods emerge — around 1991 and 2002-2003 - during which
all three hydrological variables exhibit heightened change point frequencies. This temporal coincidence suggests poten-
tial common drivers, such as large-scale climatic shifts or intensified human activities, which warrant further
investigation.

4.4. Contribution of climate and human activities to streamflow and lake water level changes

To further quantitatively assess the contribution of climate change and human activities to streamflow and lake water
level changes, the attribution analysis (Section 3.2.2) is performed. We divide the entire study period into sub-periods
obtained from the change point analysis (Section 4.3). Table 5 presents a quantitative assessment of the relative contri-
butions of climate change and human activities to the changes in streamflow and lake water levels in the PLB, with
associated 95% confidence intervals. For streamflow (Q), during the period 1991-2001, climate change is the dominant
driver, contributing 91.3% (70.0%-99.6%), while human activities only account for 8.7% (0.4%-30.0%). However, this
pattern changes in the later period. From 2002 to 2019, the contribution of climate change declined to 66.3% (60.6%-—
84.2%), while the influence of human activities increased to 33.7% (15.8%-39.4%). This reflects the growing impact of
anthropogenic interventions, such as land-use change and water engineering projects, on streamflow regulation in the
basin.
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Figure 8 | Frequency distribution of change point years in (a) precipitation, (b) streamflow, and (c) Poyang Lake water level, identified by the
moving t-test using different window sizes. (continued.).

In terms of lake water level (H), the attribution results are more striking (Table 5). During 2003-2019, climate change
accounted for only 7.2% (0.4%-18.4%) of the observed decline, whereas human activities contributed a dominant 92.8%
(81.6%-99.6%). These findings suggest that despite fluctuations in precipitation, lake level changes are now overwhelmingly
governed by anthropogenic factors, such as upstream reservoir operations, lake outlet erosion, and regional water withdra-
wals. The difference in contribution between Q and H also implies that while streamflow changes may still be influenced
by natural variability, the Poyang Lake water level is far more significantly governed by direct human regulation.
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Figure 8 | Continued.

Table 5 | Contribution of climate change and human activities to the streamflow and water level changes with 95% confidence intervals in
the PLB

Variable Before abrupt After abrupt Uc (%) Up (%)

Q 1960-1990 1991-2001 91.3 (70, 99.6) 8.7 (0.4, 30)
2002-2019 66.3 (60.6, 84.2) 33.7 (15.8, 39.4)

Variable Before abrupt After abrupt P (%) Py, (%)

H 1960-2002 2003-2019 7.2 (0.4, 18.4) 92.8 (81.6, 99.6)

5. DISCUSSION

This study reveals that between 1960 and 2019, precipitation, streamflow, and temperature have generally increased, whereas
the Poyang Lake water level has declined over the study period. These findings are consistent with relevant studies (Zhang
et al. 2016b; Guo et al. 2020; Lei et al. 2021). Change point detection identifies breakpoints in precipitation and streamflow
over the past 60 years, with notable transitions occurring in 1991 and 2002, respectively. This result aligns with the findings of
Wang et al. (2020), which indicate a decreasing trend in precipitation before 1991, an increasing trend after 1991, and
another decline starting in 2002.

The change points in precipitation and streamflow in the PLB around 1991 may be attributed to a major change in the
global weather shift triggered by the 1991 ENSO event. ENSO events typically modulate China’s precipitation patterns by
affecting the intensity of the East Asian monsoon (Piao et al. 2020), with notable impacts in the 1990s. Yang, D. et al.
(2021) reported that ENSO-related anomalies around 1991 significantly enhanced the frequency of heavy precipitation
events in the PLB.

The declining trend in precipitation and streamflow after 2002 may be attributed to the effects of global warming on
regional scales. Studies suggest that rising temperatures have intensified the frequency and intensity of drought events
within the basin (Zhao et al. 2010). Additionally, our results from Section 4.4 on the contributions of climate change and
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human activities to streamflow changes (Table 5) indicate that human activities have significantly influenced streamflow vari-
ations since 2002. Therefore, in addition to global climate impacts, human activities such as reservoir operations, agricultural
irrigation, land-use changes, sand mining, and urban expansion have disrupted hydrological processes. These alterations have
led to an uneven distribution of water resources within the basin, further affecting the temporal and spatial distribution of
precipitation and streamflow (Gu ef al. 2016; Liu, J. ef al. 2016; Zhang et al. 2016a; Lei et al. 2021; Wei et al. 2021).

The impoundment of water by the Three Gorges Dam starting from 2003 has significantly altered the hydrological cycle of
the Yangtze River and its tributaries. Its operation has reduced water inflow to the Poyang Lake, thereby exacerbating drought
conditions in the basin (Zhang ef al. 2012; Zhang et al. 2015). This explains the significant decline in lake water level since
2003 (Figure 7). Additionally, intensive sand mining has further contributed to falling water levels (Li et al. 2021).

This study employs a linear regression model to attribute changes in streamflow and lake water levels to climate and human
drivers. Although this approach simplifies the complex hydrological and human interactions in the PLB, it provides valuable
first-order estimates. It is worth noting that this approach does not explicitly account for reservoir operations, irrigation water
withdrawals, or land-use changes, which may affect water levels. We acknowledge that the attribution of streamflow changes
to human activities in our study remains conceptual, as the results are inferred from deviations between observed streamflow
and modeled natural streamflow driven solely by climatic factors. This conceptual method has been commonly employed in
numerous hydrological attribution studies when long-term data for human interventions, such as reservoir operations, irriga-
tion practices, land-use changes, and population density, are either unavailable, inconsistent, or insufficiently detailed for
comprehensive statistical analysis (Wang et al. 2020; Lei ef al. 2021). Moreover, the analysis period is restricted to 1960-
2019 to ensure data quality and consistency, as post-2019 datasets for key variables (e.g., precipitation) are incomplete.

6. SUMMARY AND CONCLUSIONS

This study provides a comprehensive analysis of the hydrometeorological trends in the PLB from 1960 to 2019, focusing on
the impacts of climate change and human activities on precipitation, temperature, streamflow, and lake water level. The find-
ings reveal that while precipitation, streamflow, and temperature have generally increased, the Poyang Lake water level has
declined. The abrupt change and contribution analyses reveal that significant changes occurred in precipitation, river flow,
and the Poyang Lake water level during the early 1990s and the early 2000s, respectively.

The contribution analysis reveals a shift in the relative influence of climate change and human activities on hydrological
changes in the PLB since the early 2000s. Streamflow changes during 1991-2001 are primarily driven by climate change,
contributing 91.3% (70%-99.6%), whereas human activities contribute to a lesser extent, accounting for 8.7% (0.4%-30%).
However, after 2002, the contribution of human activities rises to 33.7% (15.8%-39.4%), indicating an increasing influence
on streamflow regulation. In terms of lake water levels, the situation is even more pronounced: between 2003 and 2019,
human activities account for 92.8% (81.6%-99.6%) of the decline, whereas the contribution of climate change is limited to
7.2% (0.4%-18.4%). These results suggest that since the early 21st century, human interventions have become an increasingly
important factor influencing hydrological changes in the PLB. While climate change remains the primary driver of stream-
flow variation, the influence of human activities has increased. In contrast, lake water level changes are now largely
governed by human activities.

Future research should focus on precisely quantifying the impact of specific human activities on the hydrological cycle
using advanced physical models. This will provide deeper insights into the causative factors and support the development
of targeted interventions to mitigate the adverse effects of both climate change and human activities on the basin’s water
resources. A better understanding of these complex interactions will enhance water resource management and help protect
this vital ecological and hydrological region.
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