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Lalin River is a first-level tributary of the right bank of Songhua River. High-

quality corn production bases irrigated by the Lalin River are famous throughout

the country. However, in the last few decades, the hydrological regimes

changed severely due to expansion of the irrigation area, leading to more

water used for irrigation. To investigate the variation of the hydrological

situation, we analyzed the daily runoff data at the Caijiagou Hydrological

Station from 1954 to 2015 by using the Indicators of Hydrologic Alteration

(IHA) and the range of variability approach (RVA). The results showed a severe

decreasing trend of the averagemonthly flowduring thewater level with regular

and high periods, with a negative slope of −2.924 in August and −2.518 in

September. The increasing trend of low pulse and fall rate of flow and the

decreasing trend of the rising rate of flow demonstrate that water resources are

drying up. Regarding the flow rate, the annual maximum value decreased

significantly in slopes of −7.9, −7.6, −6.09, −5.28, and −2.98 on the 1-day, 3-

day, 7-day, 30-day, and 90-day, respectively. The flow reversals’ average value

is 65 to 50 times/year from 1954 to 2015. From RVA analysis, the hydrological

alteration of the basin decreased 50% after 1978. To investigate the influencing

factors for the hydrological alteration, we analyzed the variation in land cover

and land use between 1978 and 2015. The results showed that the area of paddy

fields in 2015 was 1.5 times that of 1978, and the water consumption in paddy

fields accounts for 80.8% of the total water resources. Consequently, the

wetland area of the basin in 2015 was only 53% of 1978, and the wetland

area of the two wetland nature reserves at the mouth of the Lalin River in

2015 was about 53% of 1978. Furthermore, the meteorological condition in the

LRB shows a warming and drying tendency. The air temperature has shown an

intensively increased tendency, and precipitation decreased in the last 50 years.

This indicates that the hydrological situation in the Lalin River Basin has changed

considerably under the dual influence of human activities and global warming.
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Introduction

Water resources are critical for the ecosystem by driving a

broad range of ecological, biogeochemical, and

geomorphological processes (Hart and Finelli, 1999; Craswell,

2009; Sponseller et al., 2013). The distribution and movement of

rivers play a dominant role in those regions where water

resources are mainly composed of surface water. Also, the

changes in river water volume directly affect the catchment

ecosystem (Norris and Thoms, 1999; Richter and Richter,

2000; Bunn and Arthington, 2002; Richter et al., 2003; Richter

and Thomas, 2007). Along with a large-scale development of

arable land, construction of barrages, and acceleration of

urbanization, the underlying surface conditions of catchments

have changed. The changes in hydrological conditions and their

impact on the ecological environment are widely studied at home

and abroad (Richter et al., 1996; Zhang et al., 2010; Lian et al.,

2012; Li et al., 2016; Wang et al., 2016; Ge et al., 2018).

The “Indicators of Hydrologic Alteration” (IHA) is a popular

tool proposed by Richter et al. in assessing hydrologic variations

for management and river research (Richter et al., 1996; Richter

et al., 2003). IHA is capable of describing environmental flow

regimes and providing assessment evidence for reservoir

operations (Li et al., 2018), detecting control on water

availability in a fragmented landscape (Chisola et al., 2020),

and evaluating balance among new and existing dams

operations (Richter and Thomas, 2007). Furthermore, in the

aspect of scaling influence for the ecosystem, IHA explicitly

identifies species distribution and community ecological

attributes with water resource stress (Cantonati et al., 2020)

and achieves environmental benefit based on suitable natural

flow regimes (Richter and Thomas, 2007). Based on the

understanding and application of IHA, Richter et al. (1996)

proposed the range of variability approach (RVA) for

evaluating the flow regime alteration in the hydrological

situation at different times (Richter et al., 1996). The RVA

can quantitatively analyze the change of the hydrological

characteristics of the river after being affected by the

environment. The combination of IHA and RVA was found

to be helpful in evaluating the hydrological variations, such as

those caused by the construction of hydropower (Zhang et al.,

2014) reservoirs (Yin et al., 2011; Belmar et al., 2013; Yu et al.,

2016). After that, Suen and Eheart (2006) tested the revised RVA

methods for multiple application purposes and others ( Shiau

and Wu, 2008; Yin et al., 2011; Yu et al., 2016) to improve the

performance of the original RVA methods. In contrast to the

infrastructure mentioned above, human activities sometimes

affect hydrology and water resources. In China, most regions

had considerable development and promotion for urbanization

since the reform and opening-up in 1978 (Sun et al., 2014).

Amount of water resources has changed according to the demand

for urbanization and farming. However, for most of the region,

the amount of water used lacks record. It is necessary to

investigate the hydrologic variations by analyzing the flow

regime alteration. Many studies mainly focused on the degree

of change in the hydrological situation before and after the

construction of water conservancy projects. For example, Zeng

et al. (2021) and Guo et al. (2022) aimed at the source of the

Dongjiang River (Zeng et al., 2021) and the Minjiang River (Guo

et al., 2022), respectively, taking the construction time of the

water conservancy project as an impact and analyzing the

hydrological changes before and after the construction of the

water conservancy project.

Lalin River is the principal tributary on the right bank of

Songhua River, one of China’s primary rivers. As a first-level

branch, Lalin River basin covers 19,923 km2 from 44°00′ to 45°30′
N latitude and 125°34′ to 128°34′ E longitude (Figure 1). The

elevation of the Lalin River Basin (LRB) varies from several to

thousand meters. Most of the basin is located in the middle and

lower reaches of the plains, which is mainly covered by farmland.

The water resources of Lalin River play a dominant role in

regional agriculture (Yin et al., 2018). There are high-quality

corn production bases which function as prominent resources in

Wuchang city, Yushu city, Fuyu city, and Shuang Cheng district;

especially the Wuchang rice variety is famous in China. With the

development of irrigation districts and increase of urbanization,

significant changes have taken place in water resources for

irrigation, urban water supply, and power generation. Changes

in hydrological conditions impact the ecological integrity and

biodiversity of the Lalin River aquatic organisms and wetlands in

the lower estuary. At present, there are few studies on the changes

in the water environment and ecological environment of the

Lalin River. But, the changes in the hydrological regime of the

Lalin River are rarely studied. Therefore, a survey of the changes

in the hydrological situation in the LRB is taken which helps

analyze its impact on the ecological environment. In December

1978 , there was a program named Chinese economic reform,

and the opening-up for promoting urbanization was carried out

by the government (Sun et al., 2014). There were changes in

water consumption along with this program, although there is no

record for this human activity. Therefore, testing the variation of

hydrological alteration before and after 1978 will help

understand the water resource variation in the LRB.

The ecosystem of the LRB has been subjected to significant

challenges in recent decades. The wetland area takes a large

portion of the LRB, most of which are river flood wetlands. There

are two famous nature reserves in the LRB, including the

Provincial Nature Reserve of the Fuyu Flooded Wetland in

Jilin province and the Lalin River Mouth Provincial Nature

Reserve in Heilongjiang province. The existence of these

wetlands highly depends on the waters of the Lalin River.

There are several species of fish on the brink of extinction in

this region (Wang et al., 2017). The critically endangered species

include the following: Acipenser schenckii (Brandt), Huso

dauricus (Georgi), and Brachymystax lenok (Pallas); the

vulnerable species include the following: Lampetra reissneri
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(Dybowski), Silurus soldatovi (Nikolsky et Soin), Hucho taimen

(Pallas), Coregonus ussuriensis (Berg), and Thymallus arcticus

grubei (Dybowski). From the previous study, impacts have

contributed to the decline and increased endangerment of fish

survival, such as anthropogenic influence, water pollution, and

changes in aquatic habitat (Liu et al., 2013). As a condition that

determines the survival and reproduction of fish, water resource

is a critical requirement. For example, to maintain water table

levels, fish and amphibian eggs are suspended, enabling fish to

move to feed, and low flows of the river decide spawning areas.

On the contrary to the low-flow pulses, the high-flow pulses

represent hydrological conditions to aerate fish eggs in spawning

gravels, prevent siltation, and maintain suitable salinity

conditions (Richter and Thomas, 2007). Therefore,

investigation of the hydrological regime variation provides

critical evidence for the local ecosystem.

The Caijiagou hydrological station is located in the lower

reaches of the Lalin River. In the upper reaches of the Caijiagou

hydrological station, there are many reservoirs and other

structures used for agricultural irrigation and urban water

supply. The hydrological regime change of the Caijiagou

hydrological station is the result of the comprehensive

influence of society, economy, and agriculture in the upper

and middle reaches of the Lalin River, which can reflect the

comprehensive change of the hydrological regime of Lalin River.

Based on this, we analyze the hydrology of Lalin River in the

Caijiagou hydrological station. For investigating the influence

caused by hydrological variation, we conducted the IHA method

to quantitatively analyze how much the water resources changed

in the LRB. This study will highlight the principle of hydrologic

change in Lalin River basin during the last 50 years. The IHA is

evaluated for implying essential water resources for the

ecosystem. At the same time, this work innovatively

investigates the influence of human activities as selecting the

Reform and Opening in China from 1978 to analyze the range of

variability of the hydrologic regime. Furthermore, along with a

variation of the hydrological regime, changes of land cover and

meteorological variation were investigated.

Materials and methods

Discharge in the Caijiagou hydrological
station

The Caijiagou hydrological station (CHS) is located in the

lower reaches of Lalin River (Figure 1). The daily river discharge

of the CHS from 1954 to 2015 was collected by the Ministry of

Water Conservancy of China, Songliao Water Resources

Commission. There are numerous reservoirs and other river-

blocking structures built in the upper reaches of the CHS for

agricultural irrigation and urban water supply. As an outlet of the

LRB, the hydrological variation in the CHS involves

comprehensive social, economic, and agricultural impacts.

Meteorological data

In addition to anthropic activities, climate warming has been

considered one of the main factors influencing local climate and

hydrologic alteration in consequence in the past few decades

(Duan et al., 2016). Therefore, we collected the daily observation

of air temperature, evaporation, and precipitation for visualizing

the local climate variation. The meteorological stations with

closer geographical distances from the LRB were selected,

including Harbin, Qianguo, Changchun, and Shangzhi

FIGURE 1
Location of the Lalin River basin (A) and the distribution of river systems and meteor-hydrological stations in the LRB (B).
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FIGURE 2
Degression of wetland and increase of paddy fields in the LRB from 1978 to 2015 (A), and the comparisons of each type (B).
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(Figure 1, white circle). The meteorological data from 1951 to

2013 were downloaded from the National Earth System Science

Data Center, P.R. China.

Land use and land cover

As a sensitive indicator of water resource variation, we

compared the land use and land cover between 1978 and

2015, which is provided by the Songliao Water Resources

Research Institute. As an essential grain production base in

Heilongjiang and Jilin provinces, the LRB produces rice, corn,

soybeans, and millet. The farmland and densely populated urban

regions need plenty of water resources (Figure 2A figure for

1978). Along with the variation of the hydrological regime, the

land cover of the LRB significantly changed from 1978 to 2015,

for example, shrinking of the wetland, decreasing of dense

grassland into a paddy field in high elevation region, and

decaying of paddy fields in the middle section of the Lalin

River (Figure 2). Although no article records the role of land

use and land cover and hydrological change, we compared the

differences between land use and land cover in the LRB.

The topographic maps in 1:100,000 under the national

standard in the 1950s and Landsat TM remote sensing images

with a resolution of 30 m in 1978 and 2015 were selected in this

study. The land use and coverage in the LRB reference and the

land use classification system of LU 2000 (Liu, 1997; Liu et al.,

2002) were taken into consideration. Accordingly, in this

study, the land-use classification system is composed of six

primary types and 12 secondary types. The land-use

classification system of the study area will locate paddy

fields, drylands, woodlands, shrub forests, sparsely forested

land, high-cover grasslands, medium-cover grasslands and

low-cover grasslands, rivers, lakes, reservoirs, river beaches,

residential land, sandy land, saline–alkali land, swampland,

and other types of land.

Indicators of hydrologic alteration and
range of variability approach

In this study, we estimated the IHA to assess the hydrological

regime alteration. The IHA method evaluates the degree of river

eco-hydrological changes and their impact on the ecosystem

based on the daily hydrological data of the river. The indicator

system and the corresponding ecosystem impact list are in the

following table. Five types of indicators related to ecosystem

influence were selected, including 33 hydrological indicators such

as monthly average flow indicators, limit flow indicators,

frequency, duration, and rate of change.

Based on the evaluation of IHA, the RVA was estimated to

compare pre and post impacts of the hydrological alteration.

Here, we use the original IHA and RVA estimation following

Richter et al. (1997). We conducted the IHA and RVA using the

Indicators of Hydrologic Alteration (IHA) software version 7.1,

which is developed by The Nature Conservancy (The Nature

Conservancy, 2009).

To quantitatively evaluate the degree of change in the basin

after impact, the range of variability approach (RVA) (Liu et al.,

2002) was estimated as follows:

Di �
∣∣∣∣∣∣∣Noi −Ne

Ne

∣∣∣∣∣∣∣ × 100%

Do � ⎛⎝1
n
∑33
i�1
D2

i
⎞⎠0.5

Ne � r ·Nt

where Di is the degree of hydrological alteration of the ith IHA

indicator; Noi is the expected year that the ith IHA indicator falls

within the RVA target threshold after the impact; Ne is the

number of years observed by the IHA indicator after impact that

are expected to fall within the RVA target threshold; Do is the

degree of hydrological alteration of the basin as a whole; n is the

number of indicators; r is the ratio of the number of years before

the impact that the IHA indicators fall within the RVA target

threshold to the total number of years; andNt is the total number

of years recorded in the flow time series after the impact. In this

study, we considered anthropogenic activity from 1978 as the

impact.

The degree of hydrological alteration of IHA indicators is

defined as follows: when: Di and Do are between 0 and 33%, the

degree of hydrological alteration of IHA indicators is unaltered or

shows low alteration; when it is 34–67%, it is moderately altered;

and when it is 68–100%, it is highly altered.

Results

Magnitude of monthly water conditions

Under the characteristics of temperate continental monsoon

climate, the LRB with four distinct seasons is shown in Figures 3

and 4. River discharge significantly varied in the dry season, and

the dry season starts from winter. In December, the average

monthly runoff was between 4 and 52 m3/s, mainly concentrated

between 4 and 30 m3/s. Runoff with high amplitude was shown in

1968 and 1980, only. The average monthly runoff in January is

between 0 and 19 m3/s, most of which is between 2 and 11 m3/s.

The maximum flow occurred in 1981, followed by 1994 and 2013,

and the river dried up in 1980. In February, the monthly average

runoff varied from 0 to 16 m3/s mainly concentrated in 1–10 m3/

s. Again, the maximum flow occurred in 1981, followed by

2014 and 1988.

In spring, along with snow melting and river thawing, the

flow amount increased gradually. The monthly average in March

is between 0 and 52 m3/s, mainly 2~12 m3/s. The maximum flow
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rate occurred in 2014, followed by 2004, 1981, and 1995. Also, in

April, the average monthly flow was between 10 and 280 m3/s. In

1957, 1966, 1973, 1986, 2010, and 2013, the flow rate was higher

than the average values. The amplitude of discharge changes

obviously in May, with an average monthly runoff between 0 and

320 m3/s. The years with a large flow are 1957, 1960, 1976, 1988,

and 2014. Compared to 1988, which showed the largest

discharge, there was no significant flow from 1989 to 2004.

A significant decreased tendency in river discharge is shown

in summer and autumn (Figure 4A). The average monthly

runoff in June is between 0 and 360 m3/s. High-flow years

were frequently observed before 1983. However, after 1983,

the flow rate changed slightly, and there was no large runoff.

Only marginally more substantial flow rates occurred in 1988,

2005, and 2011 (Figure 4B). In July, the monthly average runoff

varied between 0 and 750 m3/s. There was no large flow from

1957 to 1980, and the basic flow from 1995 to 2015 was

relatively less, and only a slightly larger flow occurred in a

few years. High values were observed in 1955, 1956, 1981, 1994,

2005, and 2013. The monthly runoff in August mainly

concentrated between 50 and 350 m3/s. There were larger

runoffs in 1956, 1965, 1985, and 1994, and runoffs from

1988 to 2015. It is relatively small, and only slightly larger

runoff occurred in 1994 and 2002.

For autumn, the monthly average runoff in September is

between 20 and 560 m3/s, where 1954, 1957, 1960, 1963, 1964,

1965, and 1987 had larger runoffs (Figure 4A). Relatively large

values were observed before the 1960s; on the contrary, after the

1960s, the runoff was relatively small, and only a few years had a

slightly larger runoff. The monthly average runoff in October is

between 20 and 300 m3/s. Among them, high discharge values

were observed in 1993, 1971, 1987, and 1994. Remarkably, after

1994, the runoffs were almost stable at between 20 and 60 m3/s

with a decreasing trend. In November, the monthly average

runoff varied between 10 and 60 m3/s. Large runoffs were

observed in 1954, 1971, 1972, and 1980. Also, after 1980,

there was no excessive runoff, that is, between 10 and 55 m3/s.

The average monthly discharge of the CHS in winter andMarch

showed a slightly increasing trend, in which the absolute value is

relatively smaller than that of the wet season. The average monthly

discharge from April to November showed an apparent decreasing

trend (Figure 4A). August and September have the most significant

decrease among them, and the trend line slopes

were −2.924 and −2.518, respectively. A large flow seldom or

never was observed after the 1980s. The decline tendency in June,

July, and October is relatively tenderer than that in summer, with the

slope as −1.876, −1.536, and −1.024, respectively. It should be noted

that the decline tendency in April and May indicated river discharge

severely decreased in the wet season, spring, and early summer.

Overall, this tendency shows severe runoff reduction in summer and

autumn (Figures 4A and B) and slightly increased in the dry season

(from December to March) of the Caijiagou section.

Annual extreme variation

To show the variation of extreme values, we selected the

annual maximum and minimal value in terms of the annual 1-

day, 3-day, 7-day, 30-day, and 90-day occurrence (Table 1;

Figure 5). Consistent with the monthly and seasonal

decreasing tendency, the results show that the average annual

maximum flow rate on the 1, 3, 7, 30, and 90 days all showed a

decreasing trend and the decreasing trend range was larger. The

slopes were −7.9, −7.6, −6.09, −5.28, and −2.98, respectively.

Compared with the decreasing tendency of maximum indexes,

the average annual minimum flow rate on the 1, 3, 7, 30, and

90 days showed a slightly increasing trend. But, the magnitude of

the increase is small, and the slopes are all less than 0.05. Among

them, the minimum flow on the 1, 3, 7, and 30 days showed

significant flow rates in 1988 and 2014, while the average value of

FIGURE 3
Discharge variations of the Caijiagou hydrological station from 1953 to 2015.
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FIGURE 4
Trend and variation of monthly (A) average discharge from January to December (significance level, p values are less than 0.05 for all months)
and (B) seasonal and annual (p < 0.05) tendency (DJF: December, January, and February; MAM: March, April, and May; JJA: June, July, and August;
and SON: September, October, and November).
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the 90-day minimum flow was relatively large in 1981 and 2004.

A similar tendency of reduced maximum runoff and increased

runoff with minimal runoff occurs in many watersheds (Zeng

et al., 2021; Guo et al., 2022).

Notably, the decrease in the maximum flow rate is much

larger than the increase in the minimum flow rate (Figure 5).

Among them, the maximum flow rate on the 1, 3, and 7 days all

had larger flow rates in 1957, 1961, 1992, and 2014, while the flow

rate on the 30th day and 90th day changed greatly, and the

average flow rate on the 30th day was larger in 1956, 1966, 1986,

1992, and 2015. The 90th day maximum daily average discharge

occurred in 1957, 1961, 1966, 1982, 1986, and 1988. The number

of days with zero flow was the same.

Timing of annual extreme flow

It is known that the highest discharge value is observed in the

wet season and the lowest in the dry season (Chang, 2022). The

results demonstrate the timing of the extreme values in the LRB

changes following a remarkable pattern. For example, the lowest

flow rate generally occurs from December to March. However, in

1993, 2010, 2013, and 2014, the annual 1-day maximum flow was

observed in May (Figure 5, blue bar). The delayed dry signal is

indicating that there was no snowfall or meager snowfall in the

previous year’s winter.

On the contrary, the highest flow rate in this region is

observed earlier than the previous year (Figure 6, origin bar).

Moreover, the highest values are observed in spring

sometimes, which should show from July to September as

usual. For example, the annual 1-day maximum flow is found

on 210th to 240th, from the 1950s to the 1960s except 1959.

The results show that in 1959, the highest flow is also

minimal, indicating no large peak flow from July to

September (Figure 4). Before the 1970s, the highest flow

rate appeared in the 200th to 270th days. In the 1970s, the

highest flow rate appeared between the 120th and

240th days, and then in the 1980s, it began to delay and

TABLE 1 IHA parameters and the impact on ecosystems (Richter and Thomas, 2007; Ge et al., 2018).

IHA group Hydrologic parameters Ecosystem influences

G1: Magnitude of monthly water conditions Mean flow for each calendar month Keep fish and amphibian eggs suspended

Enable fish to move to feeding and spawning areas

Support hyporheic organisms living in saturated sediments

G2: Magnitude and duration of annual
extreme flow

Annual minimum 1-day, 3-day, 7-day, 30-day, and 90-
day means

Distribution of plant communities in lakes, ponds, and
floodplains

Annual maximum 1-day, 3-day, 7-day, 30-day, and 90-
day means

G3: Timing of annual extreme water
conditions

Date of annual 1-day maximum flow Spawning cues for migratory fish

Date of annual 1-day minimum flow

G4: Frequency and duration of high and low
pulses

Number of high pulses in each year Enable recruitment of certain floodplain plant species

Number of low pulses in each year Shape physical character of the river channel, including pools
and riffles

Mean duration of the annual high pulse Concentrate prey into limited areas to benefit predators

Mean duration of the annual low pulse Prevent riparian vegetation from encroaching into channel

G5: Rate and frequency of water condition
changes

Rise rates: mean or median of all positive Aerate eggs in spawning gravels and prevent siltation

Differences between consecutive daily values Maintain suitable salinity conditions in estuaries

Fall rates: mean or median of all negative Maintain diversity in floodplain forest types through prolonged
inundation

Differences between consecutive daily values Number of
rises

Number of falls

Note:① Base flow index refers to the ratio of the average flow rate of the smallest 7 days per year to the average daily flow rate.②High-flow rate refers to the daily flow rate greater than 75%

of the occurrence frequency, and low-flow rate refers to the daily flow rate less than 25% of the occurrence frequency.③ Flow rate change rate refers to the average increase rate and decrease

rate of the flow of two adjacent days. ④ The number of flow reversals refers to the number of times the daily flow changes from increase to decrease or from decrease to increase.
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then decrease. Finally, from the early 1980s to 2015, the

highest flow rate was lower, which is basically between the

110th and 250th days. The aforementioned results show that

the extreme daily values before and after the 1970s show

different overall patterns.

Frequency and duration of high and
low flow

Variation tendencies of the frequency and duration are

consistent with the notion that the hydrological condition in

the LRB is getting dryer. In terms of low flow (Figure 7A), the

frequency was not more than twice a year from the 1950s to

the 1990s. Notably, since the 1990s, the number of low-flow

frequencies has increased, achieving five or seven, indicating a

significant increasing tendency. The average duration of low

flow is different from the frequency of low flow every year. The

duration of low flow varied between 20 and 90 days before the

1990s, while after the 1990s, the duration of low flow was

around 10–20 days, with longer durations only in 2003, 2006,

and 2012.

The amplitude of variation for high-flow frequency fluctuates

wildly each year, ranging from one to nine times, with an average

of about four times, and sustaining between two and six times

(Figure 7B). Nine major flood peaks were observed in 1969,

whereas only one flood peak was observed in 1961, 1972, and

1980. In case of the duration of high flow, most of the years are

within 20 days, and some achieve 80 days. Also, there was a

longer duration of 190 days in 1961 and 170 days in 1972. The

maximum flow on the 1, 3, 7, and 30 days shows that the runoff in

1961 was significant and the longer duration was consistent with

the findings of the conclusion.

Rate and frequency of water condition
changes

The mean value of the continuous increase rate of flow varies

between 0.5 and 11.5 m3/s (Figure 8). Thus, the range of changes

FIGURE 5
Annual 1-day, 3-day, 7-day, 30-day, and 90-day minimum and maximum flow trends (p < 0.05 for all items).
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before the 1990s is relatively large, and the value is high. The

continuous growth rate of flow is basically between 1 and 11.5 m3/

s. Among them, the most considerable flow rate was observed in

1980. However, after the 1990s, the increase rate changed slightly,

varying between 0.5 and 4 m3/s. Only a significant change was seen

in 2013, which was 8 m3/s. The mean value of the continuous flow

reduction rate varied from −8 to 0 m3/s. Before the 1990s, the

constant flow reduction rate changed notably. Moreover, there was

a significant reduction rate in 1960, 1971, 1980, and 1988.

However, after the 1990s, the reduction rate was stable

between −3 and 0 m3/s, and only a noticeable reduction rate

appeared in 2014.

For Group 5 (Table 1), we also found that the flow rates of

rising/fall vary between 50 and 85 times/year from the 1950s to

the 1990s and 70–100 times/year from the 1990s to 2000. But

after 2000, only 30–65 times per year occurred. There were more

flow rates of rising/fall from the 1990s to 2000 because the low

flow lasted longer during 1990–2000, and a slight increase in

runoff can cause flow reversals. However, the number of annual

flow reversals shows a decreasing trend. The average value is

from 65 to 50 times/year, which reduces the number of flow

reversals by 15 times. Therefore, the phenomenon of flow

equalization in the LRB is more pronounced.

FIGURE 6
Temporal variation of extreme daily values from 1954 to 2016 (p < 0.05).

Frontiers in Earth Science frontiersin.org10

Wang et al. 10.3389/feart.2022.987296

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.987296


Analysis of range of variability approach

RVA analysis results showed the comparison of discharge in

1953–1978 (pre-impact) and 1979–2015 (post-impact). Figure 9

indicates that the alteration for the index of May, 3-day and 7-

day minimum, 90-day maximum, and fall rate is high. On the

other hand, the 1-day, 30-day, and 90-day minimum, 3-day, 7-

day, and 30-day maximum, base flow index, low pulse count

and low pulse duration, rise rate, and the number of reversals

denote moderate alteration. The basin’s degree of hydrological

alteration overall is 50%, with a moderate alteration. Overall,

the hydrological regime of the LRB has undertaken drastic

changes after 1978.

Based on Figure 10, the post-impact flow regime alteration

presents a noticeable change compared to that of pre-impact. All

the maximum index of river discharge decreased lower than the

pre-impact, which is consistent with the overall decrease from

April to December in Figure 10A. From the aspect of monthly

variation, almost all of the discharges were decreased from April

to December (Figure 10B). On the contrary, all minimum indexes

increased, which is consistent with the increasing trend from

January to March (Figure 10B), during the dry season in the LRB.

These variations emphasized that the water resources of the LRB

have undergone drastic changes from 1953 to 2015. The

amplitude of the monthly variations for the post-impact fell

below half of the pre-impact in May, June, and November.

FIGURE 7
Frequency and duration of high (B) and low (A) flow.

FIGURE 8
Variation of change rate and frequency of river discharge.
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Discussion

The impact of changes in hydrological
regime on the ecological environment

According to the changes in the hydrological conditions, the

average monthly runoff during the wet and regular water periods

showed a decreasing trend. Moreover, the degree of hydrological

alteration in May, June, and September was high or moderate

before and after 1978 (Figure 9). The average annual maximum

flow on the 1, 3, 7, 30, and 90 days decreased significantly. The

degree of hydrological alteration is moderate for the 3-day, 7-day,

and 30-day maximum and high for the 90-day maximum

(Figure 9).

Furthermore, the duration of the high-annual flow showed

obvious results. The downward trend of the average duration has

FIGURE 9
Hydrologic alteration of the RVA for CHS (the number represents the IHA indicator, and the total represents the overall degree of change).

FIGURE 10
Variation of RVA for the LRB before and after 1979, in extreme pattern (1-mi. represents 1-day minimum, and 1-ma. indicates 1-day maximum
value) (A), and in monthly pattern (B).

Frontiers in Earth Science frontiersin.org12

Wang et al. 10.3389/feart.2022.987296

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.987296


dropped from about 35 days to less than 10 days, or even only

lasts for 1 day. In summary, the runoff required by the wetlands

in the LRB showed a decreasing trend fromApril to October. The

degree of hydrological alteration of the basin is 50%, which is

moderate alteration. The substantial runoff and its duration were

reduced, reducing the number of floods entering the flooded

wetlands. These variations imply that the wetlands did not have

sufficient water sources. The utilization of water resources in the

LRB critically dominates the ecosystem in this region.

Replenishment of aquatic plants and aquatic animals has all

undergone significant changes.

The water resources of the CHS on the LRB have

undergone severe changes. In 2015, the wetland area

accounted for 53% of the area compared to 1978

(Figure 2). At the mouth of the Lalin River, there is also

the Provincial Nature Reserve of the Fuyu Flooded Wetland

in Jilin province and the Lalin River Mouth Provincial Nature

Reserve of Heilongjiang province. These two wetland nature

reserves depend on the outflow of a sufficient river discharge.

They are the main channels and habitats for waterfowl

migration, rest, and reproduction in northeast Asia. These

two wetland nature reserves also have red-crowned cranes,

great bustards, and their habitats. Floods are the main source

of water for the survival of flooded wetlands. It is difficult for

floods to overflow out of the dikes and enter the wetlands,

decreasing the frequency and degree of flooding along the

Lalin River. As a result, the runoff needed for wetlands in the

LRB from April to October shows a decreasing trend. Due to

the reduced extreme large runoff and its duration, the amount

of floodwater entering the flooded wetland was also reduced.

Consequently, the flooded wetland on both sides of the Lalin

River is not supplied with enough water, and the function of

the wetland cannot be maintained. The wetland area of the

two wetland nature reserves accounted for 30.22% in

1978 and only 15.12% in 2015 (Figure 11). Furthermore,

degression of the current ecosystem function is likely

worse if the water resources continuously decrease, whose

results are consistent with those of the LRB and the Songhua

River Basin (Wang et al., 2017).

Variation of hydrological regimes may cause fatal effects

for aquatic creatures. The normal spawning time and

reproductive behavior significantly impact the size and

structure of the population. For example, fish generally

spawn from April to June in the Lalin River, which

requires a certain amount of peak flow stimulation.

According to the analysis of changes in the monthly

average flow of hydrological regimes, only 14 years have

large flows from April to June, and the remaining 49 years

have medium or small flows. Results show that only 1957,

1966, 1973, 1986, 2010, and 2013 have shown a large flow in

April. Also, for May and June, only 1957, 1960, 1966, 1976,

1988, 2010, and 2014 have shown a large flow. There were

only large flows in June in 1956, 1960, 1981, and 1983.

Furthermore, there was an extremely low-flow

phenomenon and no small flood peaks occurred in May in

1993, 2010, 2013, and 2014. Therefore, the required

FIGURE 11
Map of the land-use area change in the Lalin River Estuary Wetland Nature Reserve.
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hydrological conditions for fish spawning were not available,

which would disturb the fish’s survival and health.

Analysis of the driving forces of
hydrological changes

According to Wang et al. (2014), the extent of human

activities affecting runoff reduction is 71–97%, while

precipitation is 3–29% in the Songhua River Basin. The LRB

provides a large amount of water resources for irrigating, which

is mainly carried out during May, June, and September. The

irrigation requiring many water resources mainly depends on

surface water, which is supplied through reservoirs, diversion

gates, and dams of rivers and lakes. According to statistics on

the area of paddy fields in the LRB (Figure 2), the number of

paddy fields showed a rapid growth trend. For example, the area

of paddy fields in 2015 was 1.5 times that of 1970. The increase

in paddy fields has resulted in reduction of wetlands.

Specifically, the water consumption in paddy fields accounts

for 80.8% of the total water resources (Liu et al., 2019; Dang

et al., 2021).

In addition, even more alarmingly, the meteorological

condition in the LRB shows a warming up and drying up

tendency (Figure 12). Under global warming, the air

temperature observed from the surrounding locations

(Figure 1) shows an intensively increased tendency in the last

50 years (Duan et al., 2019). On the contrary, the precipitation

amount decreased, which reduced river discharge in the Lalin

River. Furthermore, although the observed evaporation values

were only available before 2000, they increased as the basin

accelerated water resource loss. In summary, along with the

continuous global warming, hydrological regimes may worsen

for the LRB. As a result, the hydrological situation in the LRB has

changed considerably under the dual influence of human

activities and the global warming situation.

FIGURE 12
Meteorological variation around the LRB. The average value ofmeteorological stations was plotted as black circle and is regressed as a black line
showing the linear variation tendency (the significance level, p are less than 0.05 for all variables).
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Conclusion

This study revealed the significant hydrological variation of

the LRB. We analyzed daily runoff with the IHA at the CHS from

1954 to 2015. The results showed that the average monthly flow

during the water level with regular and high periods showed a

decreasing trend. Themagnitude of themaximum flow decreased

significantly. The annual maximum flow decreased significantly

and slightly increased on the yearly minimum flow. The

hydrological alteration of the basin is 50% (moderate) before

and after 1978. Overall, the LRB is drying up regarding the

increasing trend of low pulse and fall rate of flow and the

decreasing trend of the rising rate of flow. Furthermore, the

wetland ecosystem is undergoing severe changes due to reduction

of peak discharge, and the stimulation of fish is reduced, affecting

fish spawning and fish resources.

The changes in land use and land cover are evidence of draft

changes that occurred in the LRB. For example, many reservoirs

have been built to regulate water resources for paddy field

irrigation under the development of the society and economy.

In another aspect, more paddy fields are planted, and water

conservancy projects consume water resources. These changes

will significantly impact the hydrological regime, and there is a

great potential to affect the water-related ecological

environment.

Due to the lack of records, it is hard to identify howmuch the

meteorological variation and human activities affected the

hydrological regime. Therefore, it is difficult to distinguish

how much the hydrological variation caused the ecosystem to

change in the LRB. In particular, the role of human activities as one

of the influencing factors may lead to water resources decreasing

and fish species becoming endangered. However, it is worthy to

emphasize that apparent changes in the ecological survival

conditions have taken place regarding the extreme hydrological

variation. Therefore, reasonably sustaining and maintaining the

Lalin River basin’s water resources is an urgent task, especially

under the continuous warming of climate. Furthermore,

identifying how human activities and hydrological resources

affect each other will be an expected topic that helps make

better decisions and manage water resources.
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