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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Damming and precipitation anomalies 
jointly influence the dynamics of SGI. 

• Dams reversed SGI, boosting stream-
water infiltration ratios from 0 to 29 % 
to 78 %. 

• Groundwater discharge is impeded in 
front of the dam but facilitated behind. 

• Precipitation anomalies notably 
magnify interannual variations in SGI 
patterns.  
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A B S T R A C T   

Both water management measures like damming and changes in precipitation as a result of anthropogenic 
induced climate change have exerted profound effects on the dynamics of streamwater-groundwater interaction 
(SGI). However, their compound effects on SGI have not been investigated so far. Taking the Fen River of China 
as an example, this study aims to examine the synergistic impacts of damming and precipitation anomalies on 
SGI dynamics. The sampling considered the seasonal and interannual variability of precipitation (May and 
September in 2019 representing a dry year; May and August in 2021 representing a wet year), and long-term 
daily observational data, including water levels and water discharge, were combined to elucidate the com-
pound effects. Precipitation anomalies and damming exert significant individual and combined influences on 
SGI. Separately, dams and reservoirs reversed the SGI dynamics, significantly increasing the contributions of 
streamwater to groundwater from 0 to 29 % to 78 % in the dam-affected areas. Further, the groundwater 
discharge ratios behind the dam (about 60 %) were three times higher than those in front of the dam. Precip-
itation anomalies significantly amplified interannual variability in SGI patterns, and groundwater discharge 
ratios increased by 47 % during the dry period (2019) compared to flood period (2021). The combined influence 
of precipitation anomalies and dam regulation remarkably changed the lateral, vertical, and longitudinal water 
exchange dynamics. Precipitation anomalies affected the SGI dynamics at the whole watershed scale, whereas 
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dam regulation regimes exhibited a stronger control at the local scale. The compound effects of dam regulation 
and precipitation anomalies can result in different SGI patterns under various climate scenarios. More attention 
should be paid to the interrelated feedback mechanisms between damming, extreme precipitation events, and 
their impact on the watershed-scale hydrological cycle.   

1. Introduction 

Streamwater and groundwater hydraulically interact (SGI) through 
vertical, lateral, and longitudinal water flows, and the interaction 
significantly influences the water-related issues such as over-allocation, 
aquifer salinity, and environmental flows (Boulton et al., 2017; Yuan 
et al., 2020). Comprehensively understanding and quantifying SGI are 
vital for the sustainable development of collaborative water manage-
ment and eco-environmental protection (Wang et al., 2022; Yang et al., 
2021). However, SGI exhibit strong spatial-temporal heterogeneity due 
to factors such as complex geomorphic conditions (Song et al., 2019), 
hydraulic gradients (Unland et al., 2013), water flow patterns (Malzone 
et al., 2016), and precipitation regimes (Dudley-Southern and Binley, 
2015). In particular, the global climate change and intensive human 
activities such as hydraulic construction have further resulted in more 
complex, frequent, and drastic changes in SGI patterns (Guevara-Ochoa 
et al., 2020; Miao et al., 2020). Understanding how environmental 
factors and human activities influence SGI is therefore essential. 

Approximately 2.8 million dams and reservoirs constructed world-
wide over the past century, serving multiple purposes such as agricul-
tural irrigation, drinking water supply, navigation, flood control, and 
hydropower generation (Grill et al., 2019). This significantly aggravates 
the complexity of SGI alterations. Especially, in densely-populated 
areas, rivers are heavily regulated, resulting in hydrological modifica-
tions including river discontinuity, flow regime changes, water level 
fluctuations, and sedimentation (Kondolf et al., 2014; Latrubesse et al., 
2017; Wang et al., 2019), which increases the spatial-temporal hetero-
geneity of SGI. Moreover, the Intergovernmental Panel on Climate 
Change (IPCC, 2021) has reported an increase in the frequency and in-
tensity of extreme climate events (e.g., drought and flood), further 
contributing to the uncertainties in identifying SGI (Fuchs et al., 2019; 
Geris et al., 2022). Specifically, droughts reduce regional precipitation 
and increase evaporation, significantly affecting water levels in both 
streamwater and groundwater (Fuchs et al., 2019; Jiang et al., 2021; Wu 
et al., 2022). Conversely, intense rainfall and flooding events can 
enhance groundwater recharge by expanding recharge zones and facil-
itating lateral transfer from the channel to the riparian areas (Dey et al., 
2022; Geris et al., 2022). 

Although extensive research has focused on the individual impacts of 
extreme climate events or damming on SGI (Francis et al., 2010; Geris 
et al., 2022), the synergistic effects of these factors on SGI dynamics 
remain underexplored, highlighting a critical gap our study aims to 
address. Moreover, previous studies mainly focused on the longer-term 
temporal variations in SGI dynamics, for example, before and after dam 
construction (Wang et al., 2021), overlooking the detailed description 
and change of the spatiotemporal dynamics of SGI under various dam 
management strategies corresponding to different precipitation regimes. 
Therefore, a comprehensive assessment of the coupled impact of pre-
cipitation anomalies and dam operation on SGI dynamic adds insight for 
integrated water resources management. 

To elucidate SGI, researchers have employed multiple methodolo-
gies, including hydraulic methods (Partington et al., 2020), environ-
mental tracers (e.g. hydrochemical and isotopic indicators) (Frei et al., 
2020), heat tracing methods (Coutino et al., 2020), numerical modeling 
(Jutebring Sterte et al., 2018) as well as microbial community analysis 
(Li et al., 2023). However, few methods can be integrated with studying 
the effects of multiple influencing factors. Numerical modeling, for 
instance, can be employed to assess various anthropic pressure and 
climate change scenarios, but is more likely to be constrained by data 

availability and parameter selection (Martínez-Santos et al., 2010; Yan 
et al., 2023; Zaremehrjardy et al., 2022). Tracer-based methods are 
powerful in this matter—not only to characterize water cycles dynamics 
(e.g. groundwater recharge ratios and water evaporation) from point to 
regional scale (Geris et al., 2022; Wang et al., 2023a; Xia et al., 2024), 
but also provide insights into flow alterations resulting from precipita-
tion anomalies (Jiang et al., 2022; King et al., 2015) and dam regulation 
(Geris et al., 2022; Zhou and Zhou, 2023). The combination of different 
tracers such as isotopic tracers and hydrochemical indicators, can pro-
vide complementary information, enhancing the accuracy of identifying 
water exchange processes (Herrera et al., 2023; Modie et al., 2022). 

Taking the Fen River Basin (FRB) in China as an example study area 
to investigate the compound effects of water management and precipi-
tation anomalies, we captured two hydrological years characterized by 
anomalous precipitation events and conducted four sampling periods 
encompassing both dry and wet seasons. Employing multi-tracer 
methods (i.e., main ion chemicals, δD, δ18O, d-excess), this study aims 
to (a) qualitatively and quantitatively identify the basin-scale spatio-
temporal variations of SGI, (b) investigate the combined effects of pre-
cipitation anomalies and river damming on SGI. 

2. Data and methods 

2.1. Study area 

The FRB (110.3◦E− 113.3◦E, 35.2◦N− 39.0◦N) is the Yellow River's 
second-largest primary tributary, covering a drainage area of 39,721 
km2 and extending over 713 km in length (Fig. 1a). The FRB has faced 
significant groundwater level declines due to prolonged excessive 
extraction (Shen et al., 2022). In response, water conservancy projects, 
including the establishment of 15 cascade dams in the middle reaches in 
2017 (Fig. 1b), have been implemented to support groundwater recov-
ery and rebalance water resources (Shen et al., 2022). To date, three 
large reservoirs (with a storage capacity of over 100 million m3) and tens 
of medium-sized reservoirs, individual and cascade dams are scattered 
in the FRB. 

The FRB transitions from semiarid to subhumid climates, with 
average annual temperatures ranging from 8.6 to 14.1 ◦C and an average 
annual precipitation of 440.2 mm—70 % of which falls from July to 
September. The elevation decreases from north to south, dividing into 
the upper, middle, and lower reaches by the Lancun and Shitan hydro-
graphic stations (Xiao et al., 2021) (Fig. 1c). Land use predominantly 
consists of forestland upstream and cropland downstream, with signif-
icant groundwater reliance due to insufficient streamwater production. 
The main types of phreatic groundwater include pore water stored in 
Quaternary loose deposits and fracture water in clastic rock and karst 
water in carbonate rock (Fig. 1c). Notably, the Cambrian-Ordovician 
karstic aquifer, covering 87 % of the area, is a crucial groundwater 
source (Shen et al., 2022). 

In 2019, the FRB experienced a severe drought due to El Niño, with 
precipitation falling 25 % below the annual average (Fig. S1). In 
contrast, 2021 witnessed a 43.5 % increase in precipitation attributed to 
double La Niña events (Fig. S1), significantly influencing water man-
agement strategies. During the dry year, water was conserved within 
dam/reservoirs, while dams prompted more discharges for flood control 
during the wet year. Therefore, the sampling campaigns were conducted 
during the dry and flood seasons in 2019 and 2021 to reveal the impacts 
of precipitation anomalies and dam regulation on SGI dynamics. 

Y. Xia et al.                                                                                                                                                                                                                                      
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2.2. Sampling and analysis 

A total of 201 streamwater and 165 groundwater samples were 
collected across two hydrological years, specifically in May and 
September of 2019, and May and August of 2021 (Fig. 1). Streamwater 
was sampled from the central point of water flow, positioned 0.5 m 
below the water surface. Groundwater samples, primarily collected 
within a 5 km radius of river sampling points, were drawn after over half 
an hour pumping to ensure representativeness. All the groundwater 
sampling wells had depths of <50 m. The water temperature (◦C), pH, 
total dissolved solid (TDS) and electrical conductivity (EC, μS/cm) were 
measured in situ using a portable multi-parameter instrument (SG78-FK- 
CN, METTLER TOLEDO). Samples were immediately filtered through a 
0.22 μm Whatman® nylon filter after collection, and the filtrate was 
divided into two 100 mL polyethylene bottles. One bottle was used for 
bicarbonate titration within 12 h. All water samples were refrigerated at 
4 ◦C until measurement. 

The concentrations of HCO3
− and CO3

2− were analyzed three times via 
acid-base titration with standard deviations <5 %. The anions and cat-
ions were analyzed using ion chromatography (DIONEX ICS-1100, 
Thermal Fisher Scientific, USA) and inductively coupled plasma- 
atomic emission spectrometry (ICP-6300), respectively. Both analyzers 
had an error < 1.5 %. Standard samples were introduced at intervals of 

twenty. The hydrogen and oxygen isotope compositions (δD and δ18O) 
of water samples were characterized with a liquid water isotope 
analyzer (LGR GLA431-TLWIA, ABB Inc., Canada) with the analytical 
precision of ±0.3 ‰ for δD and ±0.1 ‰ for δ18O, which measures each 
sample six times and averages the last four results. 

2.3. Conceptual model and data analysis 

To identify the individual and combined effects of precipitation 
anomalies and damming on SGI, our hypothesis assumes that during 
drought, diminished precipitation and damming combinedly increase 
river water infiltration. Conversely, in flood periods, the effects of dam 
impoundment and increased precipitation on SGI may diverge, leading 
to complex interactions characterized by increased groundwater 
discharge into the river in areas without dams and increased river 
infiltration occurring in the vicinity of dams. Spatially, the assumption is 
that the impact of dam construction within dammed regions is more 
pronounced than that of precipitation anomalies. The conceptual model 
of this study is shown in Fig. 2. To validate our hypothesis, we imple-
ment a three-step analysis: (1) qualitative and quantitative determina-
tion of SGI across different sampling periods; (2) comparison of SGI 
under varying precipitation and damming scenarios; (3) examination of 
their combined effect on SGI. 

Fig. 1. Sampling location and hydrogeological characteristics. a) Elevation above sea level (a.s.l) and streamwater (SW) and groundwater (GW) sampling sites, b) 
land use type and groundwater monitoring sites, reservoirs, and dams, c) hydrogeology characteristics, and d) hydrogeological cross section along the I–I′ line and 
groundwater ages, modified from Guo et al. (2019). 
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For SGI identification, our analysis hinged on key principles: i) dual 
isotope plots, the intersection between the evaporation line (EL) and 
local meteoric water line (LMWL) delineates the isotopic composition of 
the input water. EL and LMWL refer to the linear relationships observed 
in isotopic compositions of groundwater/streamwater and precipitation, 
respectively. These relationships aid in interpreting the isotopic 
composition of water samples and understanding processes such as 
water origins, evaporation, and mixing (Xie et al., 2024; Yapiyev et al., 
2023). ii) the variations of δ18O, Cl− , and deuterium excess (d-excess =
δ2H − 8 × δ18O) values in paired streamwater and groundwater samples 
along the river flow paths. The d-excess values, representing the devi-
ation of local precipitation samples from the Global Meteoric Water Line 
(Wu et al., 2018), offer insights into evaporation intensity and kinetic 
fractionation effects, serving as a complementary indicator for studying 
hydrological processes like water exchange and recharge (Hu et al., 
2023; Qu et al., 2023; Wang et al., 2023b). iii) the source-sink theory, 
where sinks typically accumulate solutes and exhibit higher ion con-
centrations (Kendall and Doctor, 2003; Li et al., 2017). Hierarchical 
Cluster Analysis (HCA) was used to classify water samples with similar 
hydrochemical phases, enabling a detailed exploration of hydro-
chemical evolution processes and the dynamics of SGI in line with the 
source-sink theory (Guggenmos et al., 2011). The parameters applied for 
the HCA included EC, pH, Ca2+, Mg2+, K+, Na+, Cl− , SO4

2− , HCO3
− and 

NO3
− . 
To quantify SGI exchange ratios, we utilized the Bayesian Stable 

Isotope model (Mix SIAR version 3.1), which is supported by R graphical 
user package (more details in (Parnell et al., 2010)). Isotopic (δD-δ18O) 
and hydrochemical (EC-Cl− ) indicators were employed in the model to 
estimate SGI exchange ratios. A significant positive correlation (p <
0.01) was observed between the results of these two indicator- 
combinations, and the average contributions were used for further 
analysis to reduce uncertainties. The detailed steps for identifying SGI 
were provided in the supplementary materials (Fig. S2). In order to 
understand the combined impacts of precipitation anomalies and 
damming on SGI, we compared the relationship between SGI and pre-
cipitation across various sampling periods, and further conducted a 
detailed spatial analysis of the dam's influence on the laterally, verti-
cally, and longitudinally water exchange dynamics. 

Moreover, the Gibbs diagram was used to analyze the dominant 
geochemical processes (i.e., rock weathering, evaporation and precipi-
tation) controlling water chemistry (Gibbs, 1970). The spatiotemporal 
variations of isotopic and hydrochemical parameters in streamwater and 
groundwater were analyzed by nonparametric tests. Correlation analysis 
was used to characterize the relationships between groundwater 
discharge ratios and impact factors, e.g., dam density and distance. 

2.4. Hydrometeorological data 

The identification of drought or abundant years in the FRB was based 
on the average annual precipitation amount at the Taiyuan meteoro-
logical stations from 1980 to 2021 (http://data.cma.cn/). The ground-
water level data from 2017 to 2021 were obtained from the China 
Geological Survey (https://geocloud.cgs.gov.cn/). The river water 
discharge data from the Hejin stations from 2017 to 2021 were acquired 
from the National Earth System Science Data Center (http://loess.ge 
odata.cn/index.html). 

3. Results 

3.1. Spatiotemporal variation of hydrochemistry 

The EC values varied from 1080 to 1218 μS/cm in streamwater, 
which were lower than those in groundwater (1416–1526 μS/cm) dur-
ing the four sampling periods (Table 1). The ion composition was similar 
in streamwater and groundwater, with Na+ and Ca2+ being the domi-
nant cations, and HCO3

− and SO4
2− the dominant anions. Five clusters 

were identified using the HCA analysis, with mean EC, Cl− and Na+

values increasing from cluster I to V (Table S1). Hydrochemical varia-
tions among these clusters were evident, as depicted by the Piper dia-
gram (Fig. 3b). 

The clusters revealed by HCA underscored the hydrochemical con-
nectivity between streamwater and groundwater, particularly evident in 
the similarities observed in neighboring samples (Fig. 3a). Transitioning 
from HCO3-Ca types in cluster I—typical of karst water from the upper 
reaches—to the more evolved Cl-Na type in cluster V signified a clear 
evolution in water chemistry along the water flow path. Specifically, 

Fig. 2. Conceptual model elucidating the SGI dynamics under the combined effect of precipitation anomalies and damming.  
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Cluster II samples, affected by gypsum dissolution, evolved into SO4- 
HCO3-Ca water types, highlighting the role of natural water-rock in-
teractions. Cluster III, with elevated nitrate levels pointing to anthro-
pogenic influences, was mainly distributed in the upper-middle reaches 

in 2019 and the lower reaches in 2021. Clusters IV and V, characterized 
by higher EC values and SO4

2− concentrations (Table S1), were mainly 
affected by evaporation processes as the samples were closer to the 
evaporation dominance area (Fig. 3c). Interestingly, river water usually 

Table 1 
Statistical summary of chemical and isotopic composition of streamwater and groundwater samples in the FRB.  

Date Type  T pH EC Cl− SO4
2− HCO3

− NO3
− Ca2+ K+ Mg2+ Na+ δD δ18O 

May 2019 SW(n = 57) Ave.  20.9  8.2  1221.7  94.1  220.7  243.9  20.1  96.7  8.1  33.1  88.3  − 66.9  − 9.2 
S.D.  3.9  0.4  785.5  128.6  288.7  92.6  27.8  75.4  9.8  28.5  106  5.7  1.2 

GW(n = 59) Ave.  15.4  7.6  1420.8  87.6  234.8  470.6  29.9  114.8  2.6  51.4  117.7  − 72.7  − 10 
S.D.  8.3  0.4  758.9  89.4  230.9  244.2  52.2  67.4  2.8  40.3  125  7.2  1.2 

September 2019 SW(n = 58) Ave.  21  8.4  1132.4  89.7  192.8  295.3  20.9  103.2  9.6  31.2  89  − 67.1  − 9.2 
S.D.  4.9  0.3  705.4  132  244.8  101.9  25.6  63.8  10  23.9  119.3  5.9  1.3 

GW(n = 68) Ave.  14  7.7  1536.2  92.3  292.3  415.5  27.3  122.7  2.5  54.2  113.1  − 71.7  − 9.9 
S.D.  2.7  0.2  838.5  94.7  340.2  152.8  45.6  83.9  2.3  42.1  114.7  5.5  0.9 

May 2021 SW(n = 22) Ave.  21.5  8.1  1161.9  156.9  275.8  242.1  29.8  99  8.6  45  122.7  − 60.8  − 7.9 
S.D.  2.4  0.4  556.6  116.7  201.9  63  76.1  80.2  6.9  28.2  65.5  8.9  1.6 

GW(n = 8) Ave.  17.5  7.4  1505  96.9  341  368.3  45.2  64.7  3.9  40.5  91.9  − 72.2  − 10.3 
S.D.  3.9  0.4  974.9  84.7  375.7  86.5  75.3  48  8.7  34.2  112  3.7  0.8 

August 2021 SW(n = 64) Ave.  24.6  8.6  1139.4  129.8  247  228.8  23.3  75.9  12  39.6  82.6  − 66.9  − 9 
S.D.  2.3  0.3  440.9  96.6  145.5  68.7  17.4  35.5  8.4  14.3  44.9  4.2  0.8 

GW(n = 30) Ave.  19.2  8.5  1416  113.1  363.8  430.6  33.8  89.6  7.2  51.6  116.1  − 72.1  − 9.8 
S.D.  3.7  0.4  971.7  120.1  543.9  175.1  50.3  84  19.8  30  108  6.4  0.8 

FRB SW(n = 201) Ave.  22.2  8.4  1163.2  111.1  227.1  253.7  22.4  92.3  9.8  35.9  90.6  − 66.3  − 9 
S.D.  4  0.4  640.1  120.5  228.3  89.5  33.4  63  9.2  23.7  92.3  6.1  1.2 

GW(n = 165) Ave.  15.7  7.8  1466.9  94.8  286.7  437.1  30.5  110.2  3.5  51.9  114.4  − 72.2  − 9.9 
S.D.  6  0.5  837.4  97.3  357  195.4  50.5  77.5  9.3  38.7  116.5  6.3  1 

Note: The unit of temperature (T) is ◦C, the unit of EC is μS/cm, the unites of the main ions are mg⋅L− 1, the unites of isotope indicators and d-excess are ‰. 

Fig. 3. a) Spatial distribution of hydrochemical clustering results in May 2019, September 2019, May 2021 and August 2021, b) Piper diagram, and c) Gibbs di-
agram. The five clusters (I − V) are represented by different colors. 
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exhibited more advanced stages of hydrochemical evolution than adja-
cent groundwater, suggesting a primary directional flow from ground-
water to river water. 

3.2. Spatiotemporal variation of stable isotopes 

The average water isotope values of groundwater were − 72.7 ‰, 
− 71.7 ‰, − 72.2 ‰ and − 72.1 ‰ for δ2H and − 10 ‰, − 9.9 ‰, − 10.3 ‰, 
and − 9.8 ‰ for δ18O in May 2019, September 2019, May 2021, and 
August 2021, respectively. The mean δ2H and δ18O values of stream-
water were more enriched than those of groundwater, with corre-
sponding averages of − 66.9 ‰, − 67.1 ‰, − 60.8 ‰ and − 66.9 ‰ for δ2H 
and − 9.2 ‰, − 9.2 ‰, − 7.9 ‰, and − 9.0 for δ18O, respectively (Table 1). 
Compared with groundwater δ18O values, the river water δ18O values 
exhibited higher spatiotemporal variability. Temporally, significant 
seasonal variations in river water δ18O and d-excess values were 
observed in 2021, while no significant intra-annual variations were 
observed in 2019 (Fig. 4). Spatially, enriched isotopes and lower d- 
excess values were observed in the middle reaches in groundwater, 
especially during wet seasons, suggesting the effect of streamwater 
infiltration in these sections (Fig. 4). 

The water sampling sites were close and mainly located at the bottom 
right of the LMWL (Fig. 5a), indicating that the streamwater and 
groundwater were primarily recharged by precipitation but subjected to 
evaporation. Temporally, the lower slopes and intercepts of the evapo-
ration line (EL) confirmed that the water evaporation was stronger in 
2019 than in 2021 due to the influence of drought (Table S3). 
Groundwater, overall, had experienced less evaporation compared with 
streamwater, as indicated by higher d-excess values (Fig. 5b). Spatially, 
the d-excess values of water samples exhibited lower values in the 
middle reaches than in other reaches, indicating stronger evaporation in 
this river section possibly due to the presence of dams and reservoirs 

(Fig. 4). Furthermore, several groundwater samples had exhibited lower 
d-excess values than streamwater samples, suggesting the effect of 
streamwater infiltration and continuous evaporation due to elevated 
water levels. 

3.3. Identifying and quantifying SGI 

Most streamwater samples overlapped with groundwater but 
exhibited enriched isotope values (Fig. 5). This pattern aligned with the 
source-sink theory, where the sink water usually located on the right 
side of source water (Kendall and Doctor, 2003), suggesting the pre-
dominant SGI pattern of groundwater discharging into streamwater. 
Theoretically, river water isotopes should exhibit an increasing trend 
towards the downstream as a result of evaporation if no external water 
sources input. However, the stability or decline in streamwater δ18O 
values from upstream to downstream (Fig. 6) indicated an obvious SGI 
relationship of groundwater discharging into streamwater. In contrast, a 
distinct enrichment in δ18O in groundwater, accompanied by higher Cl−

concentrations, was observed primarily in the upper and middle reaches 
in 2019 and the lower reaches in August 2021, signifying the substantial 
influence of river water infiltration. 

Specifically, during May 2019, higher δ18O and Cl− values, along 
with lower d-excess values were observed in groundwater and tribu-
taries within the 100–300 km segments (Fig. 6), predominantly on the 
left bank, suggesting the infiltration of streamwater into the left bank 
groundwater within this specific segment. The correlation between 
increasing groundwater Cl− concentrations and closer proximity to the 
riverbank underscored a distance-dependent influence of streamwater 
on groundwater. During September 2019, a notable increase in 
streamwater δ18O values along the river channel in the upper and 
middle reaches, accompanied by increasing δ18O, Cl− values and 
decreasing d-excess values in groundwater, suggested streamwater 

Fig. 4. Spatiotemporal variation of δ18O (left panel) and d-excess (right panel) in streamwater and groundwater from the upper to lower reaches of the FRB. The 
distinct lowercase letters reveal significant differences among different reaches/years at a significance level of p = 0.05. 
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recharging groundwater in these segments. In contrast, lower ground-
water δ18O values and higher d-excess values compared to streamwater 
in May and August 2021 indicated that the SGI was dominated by 
groundwater discharging to streamwater. However, an increasing trend 
in streamwater δ18O, coupled with higher Cl− concentrations in specific 
groundwater sampling points, was observed in the lower reaches in 
August 2021, indicating localized streamwater infiltration at these sites. 

Point-by-point tracer comparison between adjacent streamwater and 
groundwater enabled the identification of source-sink relationships 
across segments and the quantification of source contributions (Fig. S2). 
Despite the differences in the number and location of sampling sites for 
different sampling periods, the dominant SGI directions in various rea-
ches could be inferred from the proportion of exchange types. Approx-
imately 60 % of the sampling sites showed an SGI relationship of 
groundwater discharging to streamwater, with discharge ratios of 12 %– 
54 % (averaged at each sampling site) (Table S4 and Fig. 7). Temporally, 
the discharge ratios were higher in 2019, with mean values of 31 % in 
May 2019 and 30 % in September 2019, compared to 2021 (24 % in May 
2021 and 17 % in Aug 2021) across the whole watershed. Spatially, the 

groundwater discharge ratios decreased from the upper to the lower 
reaches, with the lowest groundwater discharge ratios observed in the 
cascade dam area. Conversely, the sample groups with streamwater 
recharging groundwater exhibited higher proportions in May 2019 (62 
%) and September 2019 (54 %) compared to August 2021 (36 %) and 
May 2021 (29 %) (Fig. 7 and Table S4). Specifically, this exchange 
pattern was mainly observed in the upper and middle reaches in 2019, 
with an average contribution ranging from 29 % to 78 % (Table S4 and 
Fig. 7). These quantitative results align with the above qualitative 
analysis, further confirmed the reliability of multi-tracer analysis. 

4. Discussions 

4.1. What is the impact of precipitation anomalies on SGI? 

Interannual variations in water chemical types, isotope values, and 
SGI were found to be more pronounced than the seasonal variations in 
the FRB (Fig. 4, Fig. 6, and Fig. 7). For instance, the proportion of 
streamwater clustering showed significant differences between 2019 

Fig. 5. Comparison of δ2H and δ18O of streamwater (SW) and groundwater (GW) samples (a) and δ18O versus d-excess (b). The Local Meteoric Water Line (LMWL: 
δ2H = 7.13 δ18O + 3.06) is referred from previous studies in the FRB (Liu et al., 2021). 

Fig. 6. Spatial patterns of δ18O (a1-a4), Cl− (b1-b4) and d-excess (c1-c4) in streamwater and groundwater in May 2019, September 2019, May 2021 and August 
2021. The size of groundwater sample points depends on the vertical distance between the sample points and the river. MS, TRE, TRW, GWE and GWW represent 
mainstream, tributaries flowing in from the east bank, tributaries flowing in from the west bank, groundwater on the east bank and west bank, respectively. 
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and 2021, exceeding the variations observed within seasons. And more 
evolved water types and TDS values were observed in 2019 compared to 
2021 (Fig. S3). At groundwater sampling sites, Cluster I maintained 
nearly consistent proportions in May 2019 (39 %) and September 2019 
(38 %) (Table S2). These variations can be linked to the stark contrast in 
annual precipitation—marked by extreme drought in 2019 and high 
humidity in 2021—elucidating the spatiotemporal impact of precipita-
tion on SGI. 

Before 2019 sampling, Northern China, including the FRB, faced a 
prolonged drought that significantly altered the hydrological cycle (Guo 
et al., 2023). Drought conditions enhanced sub-cloud secondary evap-
oration, leading to the enrichment of isotopes in precipitation (Cai et al., 
2017), which in turn enriched streamwater isotopes through increased 
surface evaporation (Wu et al., 2022). This phenomenon was evident in 
2019, as streamwater evaporation line slopes and intercepts were lower 
than in 2021 (Table S3), indicating strong evaporation and isotope 
fractionation. Consequently, the river's water level lowered and flow 
diminished, particularly in the lower reaches characterized by numerous 
tributaries and fewer dams compared to the upper and middle reaches. 
Specifically, the drought in 2019 decreased the annual runoff to just 28 
% of that in 2021. These shifts increased the proportion of equivalent 
groundwater discharge in river water, with groundwater discharge ra-
tios rising by over 46 % in 2019 (22 % and 31 % in the dry and wet 
seasons, respectively) compared to 2021 (15 % and 21 %) during both 
seasons. Long-term monitoring further revealed that consecutive 
droughts had diminished the response of river flow to summer precipi-
tation events from 2017 to 2019 (Fig. S1), underscoring groundwater's 
increased contribution to baseflow during drought periods. 

In contrast, the abundant precipitation in August 2021 significantly 
increased both river flow and groundwater levels, complicating the SGI 
dynamics. Specifically, the river flow surged by 54–967 m3/s, with 
groundwater levels rising by up to 2 m compared to 2019 (Fig. S1). The 
extreme rainfall event in 2021 increased river flow in the lower reaches 
by 7.4 times compared to 2019, surpassing the relative increases in 
precipitation (2.2 times) and groundwater levels (1.1 times). This 
transient flood significantly recharged groundwater, since rapid 

responses of groundwater levels to flood and precipitation were 
observed during flood periods (Fig. S1) (Doppler et al., 2007; Geris et al., 
2022), which can be further confirmed by the isotopic evidence (a closer 
alignment of sampling sites to the LMWL) (Fig. 5). Such dynamics sug-
gest a pronounced impact of precipitation on water cycle dynamics 
under flood conditions (Scanlon et al., 2003). Moreover, the precipita-
tion percolation rates exhibited spatial variability, with areas far from 
the river channel, particularly karst mountain regions, showing higher 
percolation rates due to macropores (Peng and Wang, 2012); while the 
percolation rates were obviously reduced in alluvial plains close to the 
riverbank, which were capped by a fine loess layer (Ming-bin et al., 
2001; Peng and Wang, 2012). Thus, more depleted groundwater iso-
topes were observed in areas far from rivers (Fig. 6). This spatial 
disparity in groundwater recharge mechanisms fostered stronger lateral 
groundwater flows in 2021, particularly affecting the SGI dynamics by 
enhancing groundwater discharge to streamwater in the upper and 
middle reaches of the FRB (Fig. 7). 

The impact of precipitation anomalies on SGI dynamics has been 
extensively studied globally, and the specific mechanisms vary with 
research areas. For instance, severe droughts in North America have led 
to declining alluvial groundwater tables and reversed flow directions 
between streamwater and groundwater across extensive river reaches 
(Scanlon et al., 2003). A continental-scale study, involving over 4.2 
million wells and their adjacent stream segments, indicated that losing 
rivers are more prevalent in areas with drier climates, flatter landscapes, 
and extensive groundwater pumping (Jasechko et al., 2021). Meteoro-
logical drought reduces groundwater recharge and increases regional 
water extraction, impacting groundwater levels more significantly than 
river flows. Global estimates of groundwater depletion using both flux- 
based and volume-based methods identified that the depletion is most 
pronounced in North America and Asia (China, India) but very notice-
able in Australia where extraction is governed by regulations such as 
cease-to-pump rules (Reinfelds et al., 2004; Taylor et al., 2012). As such, 
groundwater level dynamics are more sensitive to drought than river 
flow, finally becoming the dominant factors controlling SGI dynamics at 
the watershed scale. 

Fig. 7. a) Spatiotemporal distribution of SGI exchange ratios in the sampling periods, b) bar charts of streamwater recharge ratios and groundwater discharge ratios 
in various reaches. To reduce random errors, the number of sample groups <2 in each reach is not counted. 
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4.2. How do dams influence the spatiotemporal variations in SGI? 

Groundwater traditionally serves as the primary and even the sole 
source of river flow, especially during dry seasons (Kelly et al., 2019). 
However, our findings revealed that in areas impounded by dams, most 
streamwater recharged groundwater during both dry and wet sampling 
periods, highlighting the profound impact of dams/reservoirs in altering 
traditional SGI dynamics. Notably, isotopic variation patterns shifted 
distinctly between the periods before (2019) and after the dam opening 
(2021). In 2019, streamwater isotopes showed a slight enrichment trend 
with distance (Fig. 6). However, the 2021 flood event introduced 
isotopically depleted runoff that mixed rapidly within the river channel, 
causing the homogenization of river water with lower fluctuations of 
δ18O and d-excess in damming reaches (Fig. 6) (Wu et al., 2022). Ulti-
mately, the contribution of streamwater to groundwater reached as high 
as 78 % in reservoir areas and 64 % in dam areas, far surpassing regions 
unaffected or minimally influenced by dams (0–29 %) (Fig. 7). More-
over, groundwater in dam-operated areas exhibited more elevated water 
types (Cluster III-V) compared to areas without dams (Fig. 3a), further 
suggesting an increase in anthropogenic inputs, soil leaching and water- 
rock interaction due to streamwater infiltration (Xia et al., 2024). 

However, the impact of streamwater infiltration occurred only 
within a limited distance. Groundwater samples close to the rivers 
usually exhibited enriched isotopes and higher Cl− concentrations 
(Fig. 6). This was further confirmed by the significant negative corre-
lation relationship (p < 0.05) between streamwater recharge ratios and 
lateral distance. The streamwater infiltration ratios decreased rapidly 
after groundwater samples were beyond 1 km from the riverbank, with 
the maximum affect distance of about 3 km (Fig. S4). This confirmed the 
localized influence of rivers on groundwater recharge, aligning with a 
prior research that indicated a diminishing streamwater contribution 
with increasing distance from the river (Hong et al., 2022). 

Dams and reservoirs facilitate not only a one-way water flux ex-
change vertically and laterally but also create a hydrological “dis-
continuum”, affecting longitudinal hydraulic connectivity (Boulton 
et al., 2017). During the dam impounding period, the d-excess value of 
upstream river water rapidly decreased as it approached the dam, 
indicating that the hydraulic interception of the dam increased the hy-
draulic residence time and promoted evaporation (Jiang et al., 2021; Wu 
et al., 2022). Concurrently, groundwater d-excess trends mirrored those 
of streamwater in front of the dam, indicating significant river infiltra-
tion into groundwater. The shift from river water infiltration to 
groundwater discharges was evident, because streamwater d-excess 
values decreased upstream of the dam but increased downstream. This 
highlights a reversal in dominant SGI dynamics when water moved 
through the dam. This phenomenon was quantitatively supported by the 
fact that groundwater discharge ratios at sites downstream of the dam 
(60 %) were threefold those upstream (Fig. 8c). The hydraulic inter-
ception of the dam significantly increased groundwater levels upstream 
and reduced downstream river water flow (Wang et al., 2018). Such 
dynamics established steeper hydraulic gradients between underground 
reservoirs and the riverbed, facilitating groundwater discharge down-
stream of the dams/reservoirs. However, the 2021 opening of the dam 
marked a significant change: both river water and groundwater d-excess 
values increased downstream, and δ18O values in groundwater became 
more depleted than in river water, suggesting that groundwater stably 
replenished river water in this scenario. The stable groundwater 
discharge ratios along the longitudinal direction further demonstrated 
the diminished regulatory effect of dams on SGI (Fig. 8). 

Furthermore, the impact of cascade dams on water chemistry, iso-
topic composition, and d-excess presents a more complex pattern 
compared to the influence of a single dam. A significant negative cor-
relation (p < 0.05) was observed between groundwater discharge ratios 
and dam/reservoir density. The cascade dams altered SGI directions by 

Fig. 8. The d-excess values in streamwater (a) and groundwater (b) and groundwater discharge ratios at different distances upstream and downstream of the dams.  
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regulating water levels and increasing water evaporation, resulting in 
cumulative effects on the variation of water isotopes that were much 
greater than the impact of a single dam (Jiang et al., 2021). This finding 
aligned with studies on dammed rivers globally, such as the Yangtze 
River (Zhou and Zhou, 2023), Meigong River (Pokhrel et al., 2018), 
Dagu River (Jiang et al., 2021), and the Amazon basin (Athayde et al., 
2019), where cascade dams have significantly influenced SGI variations. 

Overall, the SGI pattern can be profoundly altered by dam and 
reservoir regulations across different dimensions—laterally, vertically, 
and longitudinally—during impoundment and release periods. These 
changes, manifested through adjustments in water level, evaporation 
rates, and river morphology, underscored the substantial influence of 
dams and reservoirs on disrupting natural water flux patterns. 

4.3. What are the combined effects of damming and extreme climate 
events on SGI? 

The results highlight the critical roles of extreme climate events and 
river damming in shaping the SGI dynamics at the watershed scale. 
Notably, these two impact factors are also interrelated. Climate vari-
ability can influence dam regulation regimes, while damming activities 
may exacerbate drought conditions by increasing evaporation and water 
extraction or mitigate flood impacts by intercepting peak flows and 
regulating river discharge (Best, 2019; Jiang et al., 2021). The con-
trasting precipitation patterns observed in 2019 and 2021 have neces-
sitated heightened human intervention in the FRB's river system, 
significantly altering the hydrological cycle and SGI dynamics by 
impacting water evaporation, recharge, and hydraulic residence time. 

However, the dominance of the effects of extreme climate events and 
dams varies across scenarios. Extreme climate events broadly impact 
water cycle dynamics, whereas the impacts of dams, though more 
localized, can dramatically reshape hydrology within affected areas. For 
example, dam impoundment has moderated the seasonal effect of pre-
cipitation, facilitating streamwater infiltration during both dry and 
flood seasons in 2019 (Fig. 7). The manipulation of hydrology by res-
ervoirs and check dams has distinctly altered SGI patterns, particularly 
in critical dam regions, across both dry and wet periods. Such anthro-
pogenic modifications have significantly overshadowed the effects of 
natural climatic extremes on water resources and the water cycle, of-
fering a buffer against the harsh impacts of these events. 

Building on this analysis, our conceptual model elucidates the hy-
drological cycle and SGI in the FRB under the combined influences of 
precipitation anomalies and damming (Fig. 2). During droughts, dams 
intercept hydraulic flows, raising upstream water levels and reducing 
downstream flow, while also extending the hydraulic residence time and 
promoting evaporation of streamwater. These alterations lead to 
streamwater infiltration into groundwater upstream of the dam, subse-
quently enhancing groundwater discharge to streamwater downstream. 
Conversely, during flood seasons, rainstorm replenishes groundwater 
rapidly through large pores in mountainous areas, raising groundwater 
levels. With dams open for flood prevention, river water levels both in 
front of and behind the dam tend to normalize, facilitating stable 
groundwater replenishment to river flows. 

4.4. Implications 

This study underscored the complex interplay between human in-
terventions and natural climatic variations, emphasizing the need for 
adaptive management strategies that consider the intricate dynamics of 
SGI under changing climatic conditions. Groundwater levels emerge as 
critical to SGI dynamics. While dams and reservoirs can modify the 
natural patterns of SGI at reach scales, their influence on groundwater is 
primarily localized near riverbanks (within 3 km in this study), limited 
by topographical and storage capacity disparities between river and 
groundwater systems. Consequently, dam-based groundwater replen-
ishment is only marginally effective. Conversely, significant rainfall 

events can swiftly augment watershed-wide groundwater levels 
(Fig. S1), highlighting the necessity of incorporating adaptive anthro-
pogenic strategies within water management frameworks. Strategies 
like Managed Aquifer Recharge (MAR) and Aquifer Storage and Re-
covery (ASR) are pivotal in augmenting groundwater during climatic 
extremes, by storing excess water for future use (Dillon et al., 2018; 
Shandilya et al., 2022). Furthermore, the global groundwater decline, 
tied to over-extraction (Reinfelds et al., 2004; Taylor et al., 2012), ac-
centuates the imperative of embracing water-saving innovations and 
practices in agriculture, industry, and domestic spheres. Promoting 
efficient irrigation and wastewater reuse is vital for curbing ground-
water depletion and aiding in the restoration of ecological baseflows. 

However, challenges remain in quantifying these impacts across 
different dimensions—dams in the spatial dimension and precipitation 
in the temporal dimension. Therefore, there is an urgent need to enhance 
sampling frequency within large basins for future research. Utilizing 
long-term runoff and water level data can contribute to understanding 
the effects of precipitation anomalies and dam operations on SGI dy-
namics (Quang et al., 2023). Because of the impact of COVID-19, this 
study encountered challenges in maintaining sampling point consistency 
across different periods, as seen with fewer samples for May 2021. 
Although this discrepancy does not hinder SGI identification during 
these periods, it remains crucial to maintain consistency in sampling 
points to exclude the potential impact on data quality and interpretation 
in future studies. 

5. Conclusions 

The combined effects of precipitation anomalies and damming on 
SGI were investigated using tracer-based methods in a highly regulated 
river during four sampling campaigns across extreme drought and flood 
years. This study revealed that the flow path of groundwater discharging 
into streamwater predominantly governed the SGI across the entire 
watershed. Conversely, streamwater recharging groundwater was pri-
marily observed in regions with impounded dams/reservoirs, especially 
the drought year, highlighting the significant control exerted by both 
precipitation and damming over SGI patterns. Specifically, the drought 
of 2019 led to increased river water evaporation and a reduction in river 
flow, indirectly enhancing the contribution of groundwater to river 
water. In contrast, the floods of 2021 elevated groundwater levels, 
thereby enhancing the discharge of groundwater into streamwater. 
Damming activities were found to significantly raise river water levels, 
facilitating one-way water infiltration, although their impact was 
confined to a horizontal extent of up to 3 km from the river channel. The 
combined effects of precipitation anomalies and damming introduces 
significant variability in hydrological cycle and SGI regimes at the 
watershed scale. These findings underline the critical need for adaptive 
water resource management strategies that effectively integrate the 
multifaceted impacts of dam regulation and precipitation anomalies 
within future frameworks. 
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