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ABSTRACT

Climate change and anthropogenic interventions have obviously altered the eco-hydrological regimes. A quantitative evaluation and attribu-

tion of the eco-hydrological alterations are urgently required. In this study, we evaluated the various attributions of eco-hydrological regimes

in the Weihe River Basin (WRB). Firstly, the trends and change-point analysis of hydrological elements were examined, and the natural stream-

flow was reproduced based on the variable infiltration capacity model. Then, the most ecologically relevant hydrological indicators (ERHIs)

were selected and combined with the eco-deficit and eco-surplus indicators to assess the degree of eco-hydrological regime alterations.

Finally, the relative contributions to eco-hydrological alterations were quantified using the ‘simulated–observed comparison’ method. The

results showed that (1) the streamflow of the WRB exhibited significant decreasing trends (p, 0.01), and a significant change point (p,

0.01) of the streamflow series was identified in 1990. (2) Seven representative indicators of hydrological alteration were selected as

ERHIs. (3) During the human-induced period (1991–2017), human activities were the dominant factors in the eco-hydrological alterations

as well as the variations of the ERHI indexes and the eco-deficit and eco-surplus metrics. Overall, the proposed framework may improve

the understanding of the driving forces of eco-hydrological regime alterations under a changing environment.
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HIGHLIGHTS

• The principal component analysis was used to remove redundancy and correlation among the indicators of hydrological alterations and

determine the ecologically relevant hydrological indicators.

• A combination of ERHIs and eco-metrics to assess the eco-hydrological regime alterations at different time scales is used.

• The effects of climate change and anthropogenic activities on the eco-hydrological regime alterations were quantitatively distinguished.
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GRAPHICAL ABSTRACT

1. INTRODUCTION

River streamflow and flow regimes determine many fundamental ecological processes in river ecosystems, which in turn

affect river ecosystem health (Poff & Zimmerman 2010). With the development of the social economy and population
increase, human interventions have caused a massive change in the hydrological cycle of basins and consequently altered
the eco-hydrological regimes of rivers to varying degrees, adversely affecting the health of river ecosystems over the past sev-

eral decades (Zhu et al. 2021; Cui et al. 2022; Jiang et al. 2022; Wang et al. 2022b). River atrophy, sediment deposition, water
pollution, and biological diversity are persistent problems (Nienhuis et al. 2020; Zhang et al. 2020; Luo et al. 2021; Wang &
Sun 2021). Analysing the degree of change in river eco-hydrological regimes and quantitatively differentiating the impacts of

climate change and human activities on the evolution of eco-hydrological regimes are of great scientific importance for river
health management with environmental change adaptation.

In recent years, an increasing number of experts have focused on quantifying the evolution of eco-hydrological regimes. The
indicators of hydrological alterations (IHAs) with 32 parameters developed by Richter et al. (1996) can be used to quantitat-

ively evaluate the variable characteristics of hydrological regimes and serve as an important foundation for further
investigation of hydrological processes. Richter et al. (2003) proposed the range of variation approach (RVA) based on
IHA indexes to evaluate the degree of hydrological change and quantitatively set the range of environmental flow change

in a natural state. Yang et al. (2012) analysed the hydrological index characteristics of the main channel of the Yellow
River in accordance with the RVA method and evaluated the ecological benefits of the river. Lian et al. (2012) used IHA
indexes to analyse the impact of human activities such as the construction of locks and dams in the Illinois River, a tributary
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of the Mississippi River. However, the 33 IHA indexes were too numerous to be easily calculated and analysed, making it

challenging to operate and manage water resources in practice. In addition, there is an issue with autocorrelation among
the IHAs. Yang et al. (2008) used principal component analysis (PCA) and other techniques to select six indicators as eco-
logically relevant hydrological indicators (ERHIs) of the Illinois River to simplify the IHA indexes. In addition, Vogel et al.
(2007) examined the relationship between dam construction and eco-hydrological regimes by combining flow duration curves
(FDCs) with eco-deficit and eco-surplus indicators, a technique that was recently implemented in the Yangtze and Yellow
Rivers (Zhang et al. 2016, 2018; Gao et al. 2018). By using the eco-deficit and eco-surplus indicators, the changes in the
eco-hydrological regimes of a basin can be observed more intuitively.

In addition, previous research shows that global warming has become an indisputable fact (Ji et al. 2014). With the rapid
development of the social economy, it has become impossible to ignore the increasing anthropogenic influence (Jiang et al.
2019). Examples of global environmental problems include river cut-offs (Belletti et al. 2020), ecosystem degradation (Palmer

& Ruhi 2019), and a severe shortage of water in meeting ecological water demand (Yan et al. 2022). Under the combined
influence of climate change and anthropogenic activities, the characteristics of the water cycle in basins have changed dra-
matically, especially regarding the evolution of eco-hydrological regimes (Jiang et al. 2021). Therefore, a suitable approach is

required to distinguish between the contributions of climate change and anthropogenic activities to eco-hydrological regimes.
The simulated-observed comparison method is widely used to quantify the impact of environmental changes on runoff evol-
ution by comparing runoff characteristics under natural and human-influenced conditions (Jiang et al. 2011, 2019). This
method requires minimal data and can be used to reconstruct the natural streamflow process with a suitable hydrological
model.

The Weihe River, which flows through the arid and semi-arid areas of Northwest China, is the largest tributary of the
Yellow River. There is a clear contradiction between the development of water resources and the ecological environment.

The ecological water demand is frequently displaced by the national economic water demand (Liu et al. 2022), resulting
in a series of environmental problems (Ma et al. 2022). However, most studies on hydrological alterations in the Weihe
River basin (WRB) have not used an in-depth approach to improve the redundant IHA indexes, nor have they evaluated

the relationship between hydrological changes and ecosystems.
In this study, the effects of climate change and anthropogenic activities on the eco-hydrological regime alterations of rivers

(the ERHIs, eco-surplus, and eco-deficit metrics) were quantitatively distinguished using the simulated-observed comparison

method to provide a scientific foundation for river health management with adaptation to an environmental change.

2. STUDY AREA AND DATA

2.1. Study area

The Weihe River (Figure 1), which originates at the Niaoshu Mountain in Gansu Province and flows 818 km through the
Gansu and Shannxi Provinces, is the largest tributary of the Yellow River. The WRB is located between 33°–38°N and

104°–110°E. The drainage area is 10.6� 104 km2 and encompasses three provinces (Gansu, Ningxia, and Shaanxi). This
basin primarily consists of the Loess Plateau and the Guanzhong Plain. The WRB is situated in the transition zone between
semi-humid and semi-arid areas and is characterised by a temperate continental monsoon climate. Winters are dry and cold,
whereas summers are wet and hot. Based on the observed hydro-meteorological records from 1961 to 2017, the mean annual

precipitation is 564.5 mm. The annual average natural runoff is 6.331 billion m3, which corresponds to a runoff depth of
59.7 mm, and the annual average runoff coefficient is 0.11.

2.2. Data

Meteorological and hydrological stations are established in the WRB (Figure 1). All meteorological stations possess the daily
precipitation, maximum, mean, and minimum air temperatures, and wind speed data from 1 January 1961 to 31 December

2017. These datasets were acquired from the China Meteorological Data Service Centre (http://data.cma.cn/en). Two hydro-
logical stations, Xianyang and Huaxian, with drainage areas of 4.68� 104 and 10.6� 104 km2, respectively, were selected as
the control sites. Both sites had complete daily streamflow records from 1 January 1961 to 31 December 2017. The Yellow

River Conservancy Commission supplied the data from hydrological stations. Moreover, three GIS data layers were utilised
for variable infiltration capacity (VIC) modelling: the global 3-s Shuttle Radar Topography Mission digital elevation model
(DEM) data provided by the U.S. Geological Survey (USGS) (https://lta.cr.usgs.gov/SRTM); the 30-arcsec global DEM
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data from the USGS website (https://www.usgs.gov/); and the global 1-km land cover classification product developed by the
University of Maryland (UMD) (Hansen et al. 2010).

3. METHODS

Figure 2 depicts the steps and methods of the study. They are described in detail below.

3.1. Variation analysis method

The Mann–Kendall trend test, the Pettitt test, and the double mass curve were applied to the annual runoff data of the WRB
from 1961 to 2017 to demonstrate the hydrological process variability. Based on the outcomes of transition point selection,
the study period can be divided into the baseline (i.e., less disturbed by human activities) and the human-induced (i.e., more

affected by human activities) periods.

3.2. Description of the VIC model

The VIC model was used to reconstruct natural runoff in the WRB. VIC is a macroscale distributed hydrological model that
aims to balance water and surface energy budgets within the grid-cell (Jiang et al. 2021). It simulates terrestrial surface–atmos-
phere fluxes of moisture and energy such as evapotranspiration, surface runoff, baseflow, radiative fluxes, turbulent transport
fluxes, and sensible heat within the grid-cell. The surface runoff and baseflow components of the gridded runoff are sub-

sequently routed to the basin outlet. The model parameters can be divided into two categories. The first category of
parameters is left unadjusted once calculated from the Harmonized World Soil Database and comprises soil porosity θs
(m3m�3), saturated soil potential ψs (m), saturated hydraulic conductivity ksat (ms�1), and exponent B for unsaturated

flow, as well as the UMD global land cover classifications (root depth and root fraction). The second category includes
user-calibrated parameters (variable infiltration curve parameter b and thickness of different soil layers d) based on the agree-
ment between the simulated and observed hydrographs at the basin outlet (Liang et al. 1994; Wang et al. 2020).

Figure 1 | Location of the WRB and distributions of hydro-meteorological stations.
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To estimate the relative contributions of climate change and human-induced activities to streamflow changes, the authors
assumed that climate change and human activities were the two primary drivers that independently caused streamflow

changes in the WRB (Wang et al. 2008). This assumption permits a linear and additive relationship between the relative con-
tributions of climate change and human activities. Based on the change detection, the study period can be divided into
baseline and human-induced periods. The VIC model was then used to simulate natural runoff processes in the human-

induced period using parameters calibrated in the base period and meteorological forcing variables in the human-induced
period. It was assumed that the reconstructed streamflow was free of human disturbances.

3.3. Selection of ERHIs and hydrological alteration analysis

In the current study, we employed PCA to remove redundancy and correlation among IHAs, thus improving the RVA
method. The PCA method adopts the concept of dimension reduction, and based on the premise that the essence of original
data is retained with no or minimal loss of information, the large number of originally related and redundant variables are

transformed into a small number of new relevant variables. Each principal component is generated from the linear combi-
nation of the original variables and is made up of the new comprehensive variables. The PCA method is described in
detail by Cheng et al. (2018).

Richter et al. (1998) proposed the RVA method, which was based on the IHA index system and can quantitatively define

the degree of change in a single hydrological index after it has been affected, compare hydrological data before and after
alteration and evaluate the degree of change within the hydrological index. For non-parametric statistics, 75 and 25% of
the occurrence frequency of indicators are used as the upper and lower limits, respectively (i.e., the RVA threshold), to

meet the ecological demand of rivers (Wang et al. 2022a). The IHA index of the year following the transition point was esti-
mated, and the degree of change to the hydrological index was estimated to determine the extent to which hydrological series
were affected.

Figure 2 | An observation-based strategy for comparing natural and human-impacted catchments to distinguish the effects of climate
change and human activities on eco-hydrological regime alterations.
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Several ERHIs were selected to replace the original 32 IHAs using the PCA method. The degree of change (Di) in a single

hydrological indicator was calculated as follows:

Di ¼ Noi �Nf

Nf

�
�
�
�

�
�
�
�
� 100%: (1)

where Di was the degree of change in the ith hydrological index (values less than 33rd percentile belonged to the lowest cat-
egory; values between the 33rd and 67th percentiles belonged to the middle category; and values larger than 67th percentile

belonged to the highest category). Noi was the number of years that the ith index was within the RVA threshold range follow-
ing the transition point. Nf was the expected number of years that the indicator would have been within the RVA threshold
following the transition point.

3.4. Eco-surplus and eco-deficit

Vogel et al. (2007) derived dimensionless eco-metrics (eco-surplus and eco-deficit) based on FDCs to quantify seasonal and
annual ecological runoff changes. An FDC was estimated using daily streamflow data during a time interval of interest; it was

used to obtain a measure of the time (in percentage) during which streamflow equals or exceeds a certain value, which can
indicate the relationship between runoff and its frequency in a simple and intuitive manner.

During a given time interval, daily streamflow (Qi) was ranked in a descending order, and its exceeding probability was

computed (Vogel et al. 2007):

pi ¼ i=(nþ 1) (2)

where i was the rank and n was the sample size of the observed daily streamflow (Qi).
Considering that human activities primarily affect the seasonal ecological runoff by altering the annual runoff distribution,

the eco-surplus and eco-deficit changes were analysed at annual and seasonal time scales. The annual and seasonal FDCs for

each year were calculated using the observed daily flow data of each hydrological station. The streamflow series before the
transition point was defined as the natural state, and the annual and seasonal FDCs created using the daily streamflow data
before the transition point were set as the 25th and 75th percentile threshold values. If the FDC exceeded 75% of the values
for any year and season, the ratio of the area enclosed by the given FDC and 75th percentile FDC to the long-term average

annual or seasonal flow was defined as the eco-surplus. This indicated that the hydrological factor exceeded the demand
value of the river ecosystem for this factor. If the FDC was lower than 25th percentile, the ratio of the area enclosed by
the given FDC and 25th percentile FDC to the long-term average annual or seasonal flow was defined as the eco-deficit.

This indicated that the hydrological factor was lower than the demand value of the river ecosystem for this factor (Gao
et al. 2012). The eco-surplus and eco-deficit indicators were defined as eco-metrics.

3.5. Quantifying the impacts of climate change and human activities on eco-hydrological regimes

To analyse the impact of human activities and climate factors on eco-hydrological regimes in the Weihe River, their contri-
bution rates were quantitatively distinguished using a simulated-observed comparison analysis method (Jiang et al. 2019,
2021; Wang et al. 2021). The degrees of changes in the observed (Dobs) and simulated series (Dsim) of each index throughout

the baseline and human-induced periods were calculated. Assuming that the effects of climate change and human activities
on the evolution of eco-hydrological regimes are independent, the total change based on the observed flow could be expressed
as follows:

Dobs ¼ Dc þDh: (3)

As the structure and parameters of the VIC model were consistent with the baseline period, the reconstructed runoff

reflected only the scenario of climate change influence; hence, the comprehensive degree of change based on the simulated
flow could be expressed as follows:

Dsim ¼ Dc (4)
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The difference in the comprehensive degrees of changes between observed and simulated flows can be expressed as

follows:

DD ¼ Dobs �Dsim ¼ Dh (5)

The contribution rates of climate change and human activities to eco-hydrological regimes were calculated using the
following equations:

Ic ¼ Dsim

Dobs
� 100% (6)

Ih ¼ Dobs �Dsim

Dobs
� 100% (7)

where Dc and Dh were the respective changes in eco-hydrological regime indicators produced by climate change and human
activities. Ic and Ih represented the rates of contributions of climate change and human activities, respectively.

4. RESULTS

4.1. Changes in the hydrological series and reconstruction of natural runoff

Table 1 shows the results of the Mann–Kendall trend and Pettitt’s transition point analyses for the annual runoff and precipi-
tation series of the WRB from 1961 to 2017. The annual runoff and precipitation of both the stations showed a declining
trend. The Mann–Kendall test statistic Z-values of the runoff for the Xianyang and Huaxian stations were �4.1 and �3.4,

respectively. Pettitt’s transition point detection test showed that an abrupt change in the runoff series occurred in 1990.
Figure 3 depicts double mass curves of cumulative precipitation–runoff depth that validate this result. As can be observed,
the relationship between cumulative precipitation and runoff depth collapsed around 1990. The slopes of these curves

during the post-transition period (1991–2017) became smaller than those during the pre-transition period (1961–1990), indi-
cating a decrease in the runoff coefficient (i.e., runoff depth/precipitation) in the post-transition period. Consequently, the
study period from 1961 to 2014 was divided into two distinct periods: 1961–1990 as the baseline period and 1991–2017
as the human-induced period.

The baseline period (1961–1990) was further divided into the model calibration (1961–1980) and validation (1981–1990)
periods (Figure 4). The VIC model performed effectively for the data from both the Xianyang and Huaxian stations, with NSE
.0.67 and absolute relative error .7.7%. This demonstrated that the VIC model could reconstruct the historical hydrological

process of the WRB in an objective manner. The model parameters derived during the baseline period were used to simulate
the monthly average runoff of the basin. The comparison of the VIC-simulated (baseline period), reconstructed (human-
induced period), and in situ observed monthly hydrographs is shown in Figure 4.

4.2. ERHIs and their trends

Figure 5 depicts the degrees of changes of the 32 IHA indexes in Xianyang and Huaxian calculated by Equation (1) using

measured and simulated data. There were numerous IHAs, and there was little variation between IHA variables within
the same group. For example, variables 30–32 were part of a group that represented the rate and frequency of changes in
water conditions, and the degree of change in the measured sequence was substantial. To avoid redundancy and correlation

Table 1 | Results of the Mann–Kendall (MK) trend and Pettitt’s transition point analyses of hydrological parameters for selected basins during
1961–2017

Hydrological stations

MK trend test Pettitt’s test

Runoff Precipitation
Runoff PrecipitationZ Z

Xianyang �4.1* �1.8 1990 –

Huaxian �3.4* �1.7 1990 –

*Represents the significance level p¼ 0.01; – represents a sequence without a mutation.
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across IHAs, seven of the 32 IHA indexes, namely fall rate, 7-day max, date min, date max, January, December, and high pulse
count, were selected as ERHIs for the WRB via PCA.

Figures 6 and 7 depict the temporal variation characteristics of the seven ERHIs in the WRB. The red line represents the
linear trend, whereas the light red-shaded area represents the 95% confidence interval. The average flow in January and
December and the 7-day max of the Xianyang station decreased significantly at an annual rate of 0.66 m3 s�1, 1 m3 s�1,

and 12 m3 s�1, respectively. The high pulse count showed a gradual decline. The fall rate gradually increased. The date
min and date max flows did not change significantly. The average flow in December and the 7-day max of the Huaxian station
decreased significantly at an annual rate of 1 m3 s�1 and 19 m3 s�1, respectively. The trend of other indexes, except the

Figure 3 | Double mass curve of cumulative precipitation and runoff in the WRB.

Figure 4 | Comparison of the VIC-simulated (baseline period), reconstructed (human-induced period), and in situ observed monthly hydro-
graphs for the period from 1961 to 2017 at the (a) Xianyang and (b) Huaxian stations.
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average flow in January, was consistent with that of the Xianyang station; however, the average flow in January did not exhibit
a clear decreasing trend. These trends showed that the flood peak discharge and total runoff of the WRB decreased.

4.3. Variability in eco-deficit and eco-surplus indicators

Annual and seasonal eco-metrics (eco-surplus and eco-deficit) were used to analyse the change in annual and seasonal runoffs
as ecological response indexes to further explore the degree of change in the total runoff and its impact on the ecology of the

WRB. The scatter plots of annual and seasonal FDCs for measured and simulated runoff at the two stations are depicted in
Figure 8. According to the plotted FDC, the occurrence ranges of high and low flows prior to and following the alteration of
eco-hydrological regimes were markedly different, particularly during spring and winter. The magnitude and frequency of

high flow in spring and winter after the transition were significantly reduced compared to those before the transition
point, and the area under the first quartile of FDC increased, indicating that the observed eco-deficit indicator of the river
in spring and winter increased significantly.

Figure 5 | Degree of hydrological change (Di) of the 33 variables of IHAs.

Figure 6 | Temporal variations of ERHIs in the Xianyang station (1961–2017). Please refer to the online version of this paper to see this figure
in colour: http://dx.doi.org/10.2166/nh.2022.194.

Hydrology Research Vol 54 No 1, 57

Downloaded from http://iwaponline.com/hr/article-pdf/54/1/49/1163871/nh0540049.pdf
by UNIVERSITY OF OSLO user
on 05 February 2024

http://dx.doi.org/10.2166/nh.2022.194


Comparing the FDCs of simulated runoff to that of measured runoff revealed that the observed high flow was lower than

that of the simulated data after the transition point in summer. This indicated that, relative to the natural flow regime, the
actual flow was significantly reduced in summer. This led to a decrease in the summer eco-surplus, which may be attributed
to the construction of numerous water conservation projects based on the Weihe River in recent decades. Changes in FDCs
between the two scenarios can be used to estimate the preliminary characteristic differences in annual and seasonal ecologi-

cal flows, and the change in ecological indicators cannot be alienated from the impact of precipitation. Given the correlation
between precipitation anomalies and eco-metrics, this can provide a preliminary foundation for the analysis of eco-metrics
caused by climate change.

Figure 9 shows the annual and seasonal eco-metrics (eco-surplus and eco-deficit) and the time variation characteristics of
the annual and seasonal precipitation anomalies at each hydrological station, as determined from the annual and seasonal
FDCs. Based on the measured index of the annual scale, the temporal variations of eco-metrics at the two stations were

Figure 7 | Temporal changes of ERHIs at the Huaxian station (1961–2017). Please refer to the online version of this paper to see this figure in
colour: http://dx.doi.org/10.2166/nh.2022.194.

Figure 8 | FDCs before and after the transition point.
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consistent with the precipitation anomalies, indicating a positive correlation between the two variables. The peaks of eco-
surplus and eco-deficit did not occur simultaneously; rather, alternately. In addition, the peak values of the eco-surplus

were considerably greater than those of the eco-deficit. The eco-deficit increased and the eco-surplus decreased significantly
in the human-induced period compared with those of the baseline period. From the seasonal change perspective, the fluctu-
ations of eco-hydrological regime indexes in winter were minimal, and their contrast with the precipitation anomalies was

evident. There was a significant correlation between the temporal variations of eco-metrics and precipitation anomalies.
At the annual and seasonal scales, the eco-surplus of the two hydrological stations was primarily observed before the tran-
sition point, whereas the eco-deficit was observed following it. The results indicated that the ecological water demand of
the river in the WRB was inadequate during the human-induced period.

Analysing the simulated eco-metrics at each time scale, it was found that the eco-surplus was dominant in summer, and the
eco-deficit was considerably smaller than the eco-surplus. The eco-deficit and eco-surplus of other seasons and at the annual
scales were stable and remained within a relatively narrow range near zero. There was no discernible temporal variation, indi-

cating that the effects of climate change did not have a significant impact on the eco-metrics in the WRB.

4.4. Quantification of the impacts of climate change and human activities on eco-hydrological regimes

The rates of contribution of climate change and human activities to the evolution of the Weihe River eco-hydrological regimes

were quantitatively separated using the ‘observation–simulation’ comparison approach. Figure 10 shows the degree of change
in ERHIs and eco-metrics for the Xianyang and Huaxian stations using measured and simulated runoff data as inputs. The
contribution rates of human activities to most ERHIs at the two locations were greater than those of climate change. For some
indicators (e.g., high pulse count, date max, and date min in Xianyang and December and date max in Huaxian), the contri-

bution rate of human activities was higher than 100%. The fall rate based on measured runoff changed considerably at the
Xianyang and Huaxian stations; however, the degree of change in this index was greatly reduced during calculation based
on simulated runoff. This indicates that human activities play a predominant role in the evolution of the eco-hydrological

regimes in the WRB, and their impact is evident from the reduction in river discharge. As can be seen from Figure 10(c)
and 10(d), the contribution of human activities to the change in eco-metrics was substantially higher than that of climate
change. In other words, human activities played a crucial role in the escalation of eco-deficit and diminution of eco-surplus

Figure 9 | Yearly variations of precipitation anomaly and eco-metrics.
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throughout the transition period. Considering ERHIs (daily and monthly scales) and eco-metrics (seasonal and annual
scales), the contribution rate of human activities was greater than that of climate change.

5. DISCUSSION

5.1. Impact of climate change on eco-hydrological regimes

Numerous studies have attempted to determine the reasons for runoff fluctuations in the WRB. Liu et al. (2022) showed that
climate change exerted specific impacts on runoff reduction in the WRB, but that this impact was minimal. While analysing
the impact of climate change on runoff in the WRB, precipitation is often regarded as the driving factor directly related to

runoff, as well as the primary source of runoff recharge in the WRB. The annual average precipitation decreased from
563.5 mm during the baseline period to 514.9 mm during the human-induced period; however, the trend analysis revealed
no significant decreasing trend for precipitation. Both Guo et al. (2017) and Liu et al. (2022) discovered that precipitation

in the WRB did not decrease significantly. Climate change is a slower process than the intense human activity in recent dec-
ades. In this study, we used ERHIs and eco-metrics to analyse the changes in eco-hydrological regimes to explore the
attributes of river ecology as opposed to runoff only. Similar to the runoff change attribution, the effect of climate change
on the alteration of eco-hydrological regimes was limited.

Contrary to the human activities of the past few decades, climate change is a slow-growing process with temporal scales
spanning from a hundred to a thousand years (Parmesan & Yohe 2003), thus making it difficult to accurately understand
this change using short-term data records. Different results may be obtained when analysing the hydrological response to cli-

mate change, depending on the selection of the baseline and study periods.

5.2. Impact of human activities on eco-hydrological regimes

The attribution analysis revealed that human activities contributed more to the decline of eco-hydrological regimes in the
WRB than climate change (Figure 10). Anthropogenic interventions such as land-use changes, water resource consumption,
and large-scale water-control projects could all have impacts on regional water resources.

The land in the WRB is mainly cropland and grassland, while cropland acreage continuously diminishes during the human-
induced period. A major factor was the Grain-for-Green (GFG, Chen et al. 2007) project that is established by the Chinese gov-
ernment in 1999which aimed to reduce soil erosion and increase vegetation area by converting sloped cropland into vegetative-

Figure 10 | Contribution rates of climate change and human activities to eco-hydrological regimes. The variation is the change in ERHIs and
eco-metrics between the baseline and human-induced periods.
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friendly land. The substantial increase in vegetation coverage caused by theGFGproject could decrease surface runoff, enhance

evaporation from soil moisture, and intensify plant transpiration (Li et al. 2016). The expanded vegetation canopy would inter-
cept more precipitation, the majority of which would eventually evaporate into the atmosphere. On the other hand, the
continuous advancement of urbanisation could not only increase the impervious area but also weaken the infiltration, resulting

in the increase of interception and direct runoff. As a furthermatter, a portion of the interceptedwaterwill be consumed through
evaporation, while the majority of the surface runoff will contribute to urban water circulation by the ‘Rainfall Collection’ (RC)
project implemented in 1996 (Gao et al. 2013). According to the statistics, two million cellars have been constructed in recent
decades to collect rainfall with an annual water storage capacity of approximately 6.0� 106 m3 for drinking water supply and

irrigation during the dry season. As a result, the water flowing into the river dropped significantly (Gao et al. 2013).
Moreover, vigorous socio-economic development accelerates the consumption of water. The mid-downstream region of the

WRB (i.e., theGuanzhongPlain) faced themost rapid economic growth. In recent decades, agricultural irrigation, industrial devel-

opment, and domestic use have been the primary drivers of rising water demand. In the 1960s, the average annual water
consumption was 7.3� 108 m3, which increased to 19.7� 108 m3 by the 1990s, representing 46% of the observed streamflow
at the Huaxian station (Gao et al. 2013). Ren et al. (2016) reported that irrigation accounted for 71% of total water consumption

in theWRBwith an average annual amount of 16.7� 108 m3 and an annual increase ratio of 0.4� 108 m3 yr�1 during the period
from 1991 to 2013. It was evident that agricultural irrigation was one of the most significant water use sectors in the WRB.

In conclusion, human activities impacted the regional eco-hydrological regimes of the WRB in a complex manner. Changes

in land-use types could alter eco-hydrological regimes in different ways. For example, afforestation can reduce surface runoff
by increasing interception and evapotranspiration, whereas urbanisation can increase surface runoff and weaken infiltration
by increasing impervious areas. Moreover, water-control projects, such as reservoirs, could exert a considerable impact on
flow convergence by regulating floods and redistributing streamflow. This could subsequently cause seasonal variations in

streamflow patterns. In the meantime, agricultural hyper-irrigation consumed substantial volumes of water, and this is also
one of the reasons for the reduction of runoff in the WRB.

5.3. Uncertainty in quantifying the impact on eco-hydrological regimes

This study focused on detecting and attributing eco-hydrological regime changes in the WRB based on the VIC modelling

framework. However, there were no exact values for the contributions of climate change and human activities to eco-hydro-
logical regime changes. One should keep in mind that this method is limited to fully and objectively describing eco-
hydrological regimes in a changing environment because of the complex nature of eco-hydrological regimes and the high
non-linearity in the interaction between human society and nature systems. Therefore, it is necessary to evaluate uncertainties

in the modelling findings. Uncertainties in this study are considered from three aspects: basic assumptions and associated
simplifications, selected hydrological model, and model parameter calibration.

The attribution framework presumed that climate change and human activities can independently affect eco-hydrological

regimes in the WRB (Dey & Mishra 2017). Without this basic assumption, one cannot separate the contribution of these two
components, because this assumption neglects the inter-correlation among the climate system, hydrological cycle, and land
surface. For example, afforestation could indirectly increase evapotranspiration by enlarging canopy interception and enhan-

cing soil and water conservation, thus affecting regional climate conditions. Therefore, this assumption is a simplification
needed to solve scientific questions, which inevitably introduces uncertainty.

Hydrological models are an approximation of natural processes. Different models have different structures and thus differ-

ent regional applicability. Previous studies have shown that the VIC model has good applicability in the northern semi-arid
region of China and thus can reduce the uncertainty of hydrological evolution attribution (Ren et al. 2016; Jiang et al. 2019,
2022). However, the VIC model requires multi-source datasets for both model input and a priori parameter estimation,
thereby potentially introducing uncertainties arising from these data.

Parameter calibration is another significant source of uncertainty for the VIC model. There are two key main sources of
uncertainty in the VIC model calibration. One source of uncertainty is the calibration strategy. Although the manual cali-
bration employed is efficient with the insights of a modeller’s priori experience, it is still unclear whether one eventually

obtains the global optimum or not (Tolson & Shoemaker 2007). Another source of uncertainty in the VIC is from the conflict
among spatially varied parameterisation, simulation accuracy, and computational burden. Considering the computational
burden, a regionally uniform calibration strategy was conducted in the WRB.
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6. CONCLUSIONS

This study proposed a comprehensive assessment framework to distinguish the relative contributions of climate change and
human activities on the eco-hydrological regimes at the daily, monthly, seasonal, and annual timescales. Firstly, the variation
trends and abrupt changes of hydrological variables in the WRB between 1961 and 2017 were analysed. Then, seven repre-

sentative IHAs were selected as ERHIs and used in combination with the eco-deficit and eco-surplus metrics to assess the
eco-hydrological regime changes. Finally, the relative contributions of climate change and human activities on eco-hydrolo-
gical regime changes were explored by using the simulated–observed comparison method. The principal findings of this study

can be summarised as follows.

1. Hydrological variation analysis revealed that the annual precipitation in the WRB did not decrease significantly between

1961 and 2017, whereas the annual streamflow at the Xianyang and Huaxian stations showed a significant decreasing
trend. Moreover, abrupt transition points were identified in the streamflow series in 1990, thereby dividing the study
period into the baseline (1961–1990) and human-induced (1991–2017) periods. Calibration and validation of the VIC

model showed good performance during the baseline period, indicating that this model was appropriately benchmarked.
2. Seven out of 32 IHA indexes were selected using the PCA method: fall rate, 7-day max, date min, date max, January,

December, and high pulse count. These were regarded as ERHIs of the WRB. The trends of these indexes indicated

that the flood peak discharge and total runoff were decreasing. Furthermore, the eco-surplus of the two hydrological
stations was primarily observable before the transition point, whereas the eco-deficit was observable after it. The eco-deficit
at annual and seasonal scales increased, whereas the eco-surplus tended to decrease. This indicated that the river ecologi-
cal water demand in the WRB was insufficient during the human-induced period.

3. The attribution analysis revealed that human activities were responsible for more than 80% of the ERHI changes at the
Xianyang and Huaxian stations and for more than 60% of the eco-deficit and eco-surplus of these stations. Overall,
human activities were the major factors leading to the decline and shifts in the eco-hydrological regime of the WRB.
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