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Abstract

Concentration-discharge (C-Q) relationship in streamflow provides insights into

hydrological transport at the catchment scale. Changes in hydrological connectivity

during runoff events often dominate flood and solute export in the karst catchment.

However, only few studies have explored intra-event C-Q relationships and how

they are affected by hydrological connectivity in karst catchment. In this study, we

explored the intra-event C-Q relationships in underground channel flows by inte-

grating solute concentration, discharge and modelled flow age in a 1.25 km2 karst

catchment in southwest China. We apply piecewise functions to characterize the

C-Q relationships on rising and falling limbs of hydrograph. Geogenic solutes exhib-

ited dilution C-Q patterns during the runoff event, which could be fitted by two

power-law models with different coefficients on rising and falling limbs. Affected

by the strong hydrological connectivity between surface and subsurface, hillslope

and depression, a steeper C-Q slope on the rising limb indicated an exhaustible,

proximal source, that is, groundwater. In contrast, the C-Q patterns of the soil

enriched solutes changed from enrichment to dilution during the runoff event. The

enrichment pattern occurring at the early of rising limb was caused by strong

hydrological connectivity between the surface and subsurface, which indicated a

distal and plentiful sources of soil water. Whilst the strong hydrological connectiv-

ity between hillslope and depression caused a dilution pattern at the latter of rising

limb. On the falling limb of hydrograph, a dilution pattern implied that the small

fractures could be another source zone of soil-enriched solutes in addition to soil

layer in the depression. The C-Q behaviours of soil-enriched solutes can be fitted

by a combination of a parabola model and a power law model for rising and falling

limbs, respectively. The current study highlights the variations in intra-event C-Q

relationships of different solutes affected by hydrological connectivity in the karst

catchment. Which is crucial for assession of hydrochemical processes and fertiliza-

tion management in this area.
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1 | INTRODUCTION

Karst catchment is characterized by unique heterogeneous and aniso-

tropic hydrogeological conditions (Bakalowicz, 2005; Ford &

Williams, 2013). Strong dissolution of carbonate rock makes a com-

plex hydrogeological system, for example, different flow velocity and

interconnected network paths in small fractures, large fractures and

conduit (Hartmann et al., 2014). Variations in flow characteristics in

these mediums with different hydraulic conductivities and storage

capacities result in a marked spatiotemporal variability in hydrological

processes. Under different wetness conditions, the sharp variations in

hydrological connectivity between different landform units and

between different mediums enhance the complexity of hydrological

behaviours at the catchment scale (Hao et al., 2019). Specifically, the

streamflow generation in intra-event is still an unanswered question

for karst catchment, due to the variable flow paths and mixing pro-

cesses controlled by hydrological connectivity (Benischke, 2021;

Berglund et al., 2019; Ford et al., 2019). In karst environment, the

transport and transformation of solutes are significantly related to

hydrological processes, which makes it complicated to characterize

the spatiotemporal variations in hydrochemistry in karst critical zone

and down-stream (Husic et al., 2019, 2021; Yi et al., 2021; Yue

et al., 2019, 2020; Zhang, Chen, Cheng, et al., 2020; Zhang, Chen,

Zhang, & Soulsby, 2020). Although the process-based model by cou-

pling hydrological and biogeochemical modelling can provide useful

insights to this complexity, simulation of solute fate at the catchment

scale usually requires detailed information of critical zone architecture

(Husic et al., 2019; Zhang, Chen, Cheng, et al., 2020; Zhang, Chen,

Zhang, & Soulsby, 2020). In addition, uncertainty often increases with

the model complexity and parameters (Zhang & Shao, 2018).

The relationship between solute concentration and discharge (C-

Q) establishes a linkage between solute dynamics at a given point in

the stream to discharge, which provides a lumped insight to the

hydrochemical processes at the catchment scale (Basu et al., 2011;

Musolff et al., 2015; Stewart et al., 2022). C-Q relationships are usu-

ally linked to the solute availability (Westphal et al., 2020), hydrocli-

matic patterns (Dupas et al., 2016), flow paths (Hoagland et al., 2017),

hydrological connectivity (Herndon et al., 2018), residence time

(Tunaley et al., 2016), reaction kinetics (Ameli et al., 2017), and vege-

tation (Herndon et al., 2015). Which have been widely used to explore

hydrological and reaction processes at the catchment scale (Knapp

et al., 2020; Li et al., 2021; Musolff et al., 2017; Rose &

Karwan, 2021). Many studies have approved that the C-Q relation-

ships of streamflow can be used to assess solute behaviours under

different hydrometeorological conditions in unique karstic environ-

ment (Xia et al., 2021; Yue et al., 2019; Zhong et al., 2018). Which

have been extensively used to understand hydrological functions in

karst catchment, and its responses to climate and land use change

(Buckerfield et al., 2019; Zhang et al., 2021).

C-Q relationships are usually characterized at different temporal

scale (Rose et al., 2018). The long-term and seasonal C-Q relationship

can provide general patterns of hydrologic transport and associated

controls (Minaudo et al., 2019; Westphal et al., 2020; Zarnetske

et al., 2018). However, it cannot give enough information to reveal

C-Q behaviours at the runoff event scale, the critical moment for

flooding and export (Le Mesnil et al., 2022; Rue et al., 2017). With

high frequency online observation and automatic sampling technique

more available, more and more attentions focus on C-Q relationships

at the runoff event scale, which can provide additional insight into

mechanisms of streamflow generation and solute transport at the

catchment scale (Li et al., 2022; Minaudo et al., 2019; Musolff

et al., 2021). Especially in karst catchment, the event-scale C-Q rela-

tionship provides a useful material to assess the spatiotemporal varia-

tions in transport processes (Qin et al., 2020; Wang et al., 2020).

Power law equation, in the form C = aQb, is the most widely used

model to describe C-Q relationships of streamflow. According to the

coefficients of a and b, C-Q patterns are distinguished into enrich-

ment (b > 0), dilution (b < 0) and chemostasis pattern (b ≈ 0), which

reflect the change in the solute concentrations versus the correspond-

ing change in discharge (Musolff et al., 2015). Hysteresis occurs when

there are differences of concentration for the same discharge during

the rising and falling limb of event hydrographs. (Bieroza &

Heathwaite, 2015). Which arises as a consequence of mixing of differ-

ent source water (Zhi & Li, 2020) or difference in the rate at mobiliza-

tion of sources (Haddadchi & Hicks, 2021). Hysteresis terms are often

added to power law formula to consider the hysteresis between con-

centration and discharge, e. g. C = aQb + c•dQ/dt (Minaudo

et al., 2017; Musolff et al., 2021; Winter et al., 2021), where coeffi-

cient of c describes the hysteresis size (using the absolute value of c)

and direction (using the sign of c). Hysteresis directions containing

clockwise (c > 0) and anticlockwise (c < 0) represents the differences

in the response rate of concentration and discharge to rainfall. Both

the C-Q patterns (enrichment, dilution and chemostasis) and hystere-

sis (clockwise and anticlockwise) are resulted from the behaviours of

solute source mobilization with streamflow changes, controlled by the

degree of connection between source and streamflow (Knapp

et al., 2022; Stewart et al., 2022). In many studies, it is found that a

single power law model usually cannot conform the C-Q relationships

from monitoring data across the full wetness range (Minaudo

et al., 2019; Moatar et al., 2017). This is not only related to discharge-

dependent biogeochemical actions (Moatar et al., 2017), but also to

the variations in hydrological connectivity in resource zone (Knapp

et al., 2022).

C-Q relationships are related to the source zone distribution in

the catchment, and associated hydrological connectivity between

them and stream. For example, geogenic species (e.g., Ca, Mg, Si)

derived from chemical weathering are usually provided by groundwa-

ter (Anderson et al., 1997; Stewart et al., 2022; Zhi et al., 2019), while

the soil-enriched species (e.g., rich in carbon-, nitrogen-) are mainly

come from shallow soils (Herndon et al., 2015; Pesántez et al., 2018;

Tittel et al., 2022). Regardless of the species, catchment hydrological

connectivity is the controlling factor of activation of source (Knapp

et al., 2020, 2022). Compared with non-karst area, the spatiotemporal

variations in hydrological connectivity are more complex in karst area

due to the high spatial heterogeneity of critical zone architecture

(Zhang et al., 2019). Marked changes in the hydrological connectivity
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may occur in a short time (e.g., rising limb of hydrograph) during the

runoff event (Al Aamery et al., 2021; Zhang et al., 2021). However,

how the changing hydrological connectivity between source zone and

stream affects event-scale C-Q relationships in karst catchment

remains unclear. In practice, catchment hydrological connectivity can-

not be identified by direct observation at the catchment scale. Water

age, as a fundamental characteristic of catchment hydrological func-

tion, can be used to characterize variations in hydrological connectiv-

ity within a hydrological system (Kirchner et al., 2000; McDonnell &

Beven, 2014). Which provides an aided index to assess influence of

hydrological connectivity on C-Q relationship under different hydro-

meteorological conditions (Benettin et al., 2017; Soulsby et al., 2015;

Sprenger et al., 2019; Zhang et al., 2019).

To help address the general research gaps in solute transport in

karst catchment, our overall objective is to better understand varia-

tions in C-Q relationships of streamflow in karst catchment and its

controls under different hydrometeorological conditions. More specif-

ically in this study, aiming to karst catchment, we sought to address

two questions: (1) How do the C-Q relationships of different species

in streamflow vary during the runoff event? (2) How does source zone

distribution and hydrological connectivity control the intra-event C-Q

relationships at the catchment scale?

2 | SITE AND METHODOLOGY

2.1 | Study site

Chenqi catchment (1.25 km2) is situated in the Puding Karst Ecohy-

drological Observation Station in Guizhou Province, Southwest China

(Figure 1). It is a typical cockpit karst landscape experimental catch-

ment drained by a single underground channel/conduit. This

F IGURE 1 Map of the location, geology, geomorphology, hydrological monitoring and sampling locations in the Chenqi catchment.

HAO ET AL. 3 of 16
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catchment is surrounded by conical hills mainly covered by forest and

shrub, separated by star-shaped valley covered by farmland (rice-rape

crop rotation). From a 1:10000 digital topography map, the depres-

sion area (with elevations <1340 m) and the hillslope area (with eleva-

tions of 1340 � 1500 m) occupy 0.37 and 0.88 km2, respectively. In

the depression, four observation wells record groundwater table and

monitor the hydro-chemical composition (Figure 1). The catchment is

subject to a subtropical wet monsoon climate. Mean annual tempera-

ture is 20.1�C and mean annual precipitation is �1140 mm. More

than 85% of annual precipitation falls in the wet season from May to

September. Geological properties in the catchment are composed of

dolostone, thick and thin limestone, marlite and Quaternary soil (cross

sections of A–A0 and B–B0 in Figure 1). The limestone with the thick-

ness of 150–200 m is mostly located at higher elevation areas. The

marlite underlain the limestone forms an impervious layer and thereby

produces karstic springs in this region. The soils overlying the carbon-

ate rocks are thin on the hillslope, with a mean thickness about

30 cm. In depression, soils are relatively thick (over 2 m) and culti-

vated as cropland.

2.2 | Monitoring, sampling and runoff events
selection

The discharges at the catchment outlet and a hillslope spring

(HS) located at the foot of the eastern steep hillslope were measured

using a v-notch weir instrumented with HOBO U20 water level logger

(Onset Corporation). Electrical conductivity (EC) of the catchment out-

flows was measured in situ with a hydrological chemistry sensor

(Aqua TROLL 600 Multiparameter Sonde). The NO3
� concentrations

in catchment outflows were monitored using a non-optical NISE sen-

sor which had been calibrated using the laboratory measurements

(Yue et al., 2019). The observation interval for the discharge, EC and

NO3
� concentrations was 15 min during the study period from

12 June and 14 August 2017. There was a meteorological station

(Onset HOBO RG3-M) on a southern hillslope (Figure 1), recording

precipitation, and temperature in a time interval of 5 min.

Rainfall (at the catchment outlet), flows at catchment outlet and

hillslope spring were intensively sampled for using an autosampler

setting to hourly intervals during the study periods In this study,

groundwater (GW) in the depression mainly came from small fractures

(Chen et al., 2018) was sampled from four wells with depth below the

ground surface ranging from 13 to 35 m in the depression (Figure 1),

for nine times during the study period (Table 1). All water samples

were used to analyse ions concentration containing calcium (Ca2+),

magnesium (Mg2+), potassium (K+) and sodium (Na+). Samples were

first stored in high-density polyethylene container and then filtered

through 0.45-μm Millipore nitrocellulose membrane filters within 24 h

of sampling. The ion concentrations were analysed by inductively

coupled plasma optical emission spectrometer, and the analyses were

conducted in the Puding Karst Ecohydrological Observation Station

within a relative standard deviation (RSD) of 5%.

To explore the C-Q relationship at the event scale, some runoff

events during the study period were selected. A separated runoff

event in this study was defined as the response of discharge which

began with an increase of 10% in a moving window, and ended when

discharge decreased less than 0.5% within the moving window or

increased again due to another rainfall. According to this division, a

total of seven separated events were selected (Figure 2 and Table 1).

Sometimes, time interval between two separated runoff events was

short, and flow water at the catchment outlet was also collected in

some interval between events, for example, a continuous sampling

was performed from 21 June to 4 July in this study (Figure 3).

To eliminate the effect of magnitude differences of different sol-

ute concentrations, normalized C-Q relationships were used for explo-

ration in this study. The normalized solute concentrations and

discharge were estimated as:

Xnorm ¼ X�Xminð Þ= Xmax�Xminð Þ, ð1Þ

Where, X represents the observed concentrations of a specific

solute, Xmin and Xmax represent the minimum and maximum concen-

trations, respectively.

2.3 | Water ages

Tracer-aided hydrological model integrating tracers into rainfall–

runoff model allows us to track the water age in streamflow

(Hrachowitz et al., 2016; Remondi et al., 2018; Soulsby et al., 2015).

TABLE 1 Statistics of rainfall and
discharges at the catchment outlet and
hillslope spring (HS) for the seven events.Event Date

Rainfall (mm) Discharge (m3/s) Modelled flux age (days)

Amount Max (mm/h) Mean Max Min Mean Max Min

1 24 Jun 4.4 2.4 0.03 0.065 0.015 142 164 115

2 27 Jun 15.4 2.6 0.05 0.1 0.028 125 147 97

3 30 Jun 51.4 9.6 0.08 0.14 0.03 104 127 82

4 9 Jul 83.4 28.6 0.07 0.15 0.01 81 102 8

5 19 Jul 28 12.2 0.03 0.09 0.003 121 157 21

6 4 Aug 13.6 11.2 0.01 0.05 0.003 134 166 66

7 12 Aug 29.2 16.4 0.03 0.06 0.002 110 186 44
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To link water concentrations of dissolved solute to water age, a robust

tracer-aided runoff model for karst catchments developed by Zhang

et al. (2019) was used to track the flux age in different landscape

units. The model consisted of two main conceptual stores

representing the main landscape units: the hillslopes and the depres-

sion. To conceptualize the typical dual-flow system of the karst critical

zone (Hartmann et al., 2014), the depression store was subdivided

into slow and fast reservoirs. Which represent the low-permeability

F IGURE 2 Time series of hourly
precipitation, discharges and modelled
flux ages during the study period, and the
seven separated events are highlighted
with shaded bars.

F IGURE 3 Time series of Ca2+, Mg2+, K+, Na+, NO�
3 and electrical conductivity (EC) during the study period. The shade represents the

discharge.

HAO ET AL. 5 of 16
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media, for example, primary porosity in the matrix blocks and small

fractures in the aquifer, and the large fractures and conduits with a

high permeability, respectively. By conceptualizing the hydrological

connectivity of the catchment that links the conceptual stores, this

tracer-aided model successfully captured the nonlinear flow response

in karst catchment. By tracking the input and output fluxes with iso-

tope fingerprints through each conceptual store, the flux ages of dif-

ferent landscape units could be estimated. A complete mixing was

assumed for both slow and fast reservoirs in the depression unit, and

an active reservoir with an additional passive reservoir only for the

tracer mixing simulation is employed to estimate the water and tracer

dynamics in the hillslope unit. The flux ages of the catchment outlet

flows were estimated by integrating the contribution of water flux

from each conceptual store with different ages. Model calibration and

verification have been performed using hourly flow discharge and sta-

ble isotopes at outlet, hillslope spring and groundwater in the wells in

the study catchment. Please refer to Zhang et al. (2019) for full details

of how the water ages were derived.

3 | RESULTS

3.1 | Dynamics of discharge, water age and solute
concentration

The total precipitation amount was 437 mm over the study period

from 12 June to 14 August 2017, with the maximum rainfall inten-

sity of 28.6 mm per hour. For the study period, the mean discharges

were 0.019 and 0.27 � 10�3 m3/s, and the median flow ages derived

from the tracer-aided model were 154 and 109 days at the catch-

ment outlet and HS, respectively (Figure 2). Figure 3 showed the

dynamics of solute concentrations in catchment outlet flows. The

concentrations of Ca2+ and Mg2+ were at a relatively high level dur-

ing the study period, with the means of 90 and 13.6 mg/L, which is

similar to monitoring in many other studies in carbonate-rich catch-

ment with strong rock weathering (Qin et al., 2020; Zhong

et al., 2018). The mean concentrations of K+, Na+ and NO3
� were

0.97, 0.90 and 3.86 mg/L, respectively. The mean EC was

537 μS/cm over the study period.

For the seven selected runoff events, the means of rainfall, discharge

and modelled flow age at catchment outlet ranged from 4.4 to 83.4 cm,

0.01 to 0.08m3/s and 81 to 142 days, respectively (Table 1). The largest

discharge was 0.15 m3/s for the event on 9 July with the largest rainfall

intensity of 28.6 mm per hour. The lowest flow age was �8 days corre-

sponding to the largest discharge. For the seven events, the mean concen-

trations of Ca2+, Mg2+, K+, Na+, NO3
� and EC in catchment outflows

ranged from 79 to 98 mg/L, 10.2 to 19 mg/L, 0.8 to 1.3 mg/L, 0.7 to

1.1 mg/L, 2.95 to 3.52 mg/L and 419 to 508 μS/cm, respectively (Table 2).

3.2 | End-member source waters of the catchment
outflows

In this study, the catchment was drained by an underground conduit,

hence, the catchment outflows were treated as conduit flows. Which

were derived primarily from three sources with distinct chemical char-

acteristics: hillslope flows, diffuse recharges resemble water in small

fractures and concentrated recharges via large fractures or sinkholes

(Hartmann et al., 2014). The concentrated recharges usually come

from lateral flow at the surface after rain, i.e. overland flows. In this

study, hillslope flows were sampled from the hillslope spring, diffuse

recharges from wells in depression (referred to as groundwater below)

mainly collecting small fracture waters, concentrated recharges from

overland flow point at surface in the depression (Figure 1). Figure 4

showed the solute concentration and EC in different end-member

water sources, and the values of NO3
� concentration and EC in over-

land flow and groundwater came from the research by Tan (2020).

The results showed that the highest concentrations of K+ and NO3
�

(classified as the soil-enriched solutes) were in overland flow, with the

means of 3.5 and 19.8 mg/L, respectively. This was consistent with

the findings by Wang et al. (2020). In this area, the nutrients

(e.g., nitrogen, phosphorus and potassium) are mostly accumulated in

the soils, which come from the fertilization in the depression with the

light fertilization for rape in October–November, and the heavy fertili-

zation for rice in May–early June (Yue et al., 2019). According to min-

eral composition test using XRD, Dmax-IIIa, Japan, Wang (2008)

reported that 75% of the surface soils consists of illite-smectite mixed

mineral with high potassium. Hence, the surface soil is the main

TABLE 2 Statistics of solute
concentrations and electrical
conductivity (EC) in catchment outflows
for the seven events.

Event

Concentration (mg/L) and EC (μS/cm)

Ca2+ Mg2+ K+ Na+ NO3
� EC

1 85 ± 9 11.6 ± 1.2 0.9 ± 0.1 0.8 ± 0.1 3.52 ± 0.34 476 ± 17

2 85 ± 4 10.9 ± 0.5 0.8 ± 0.06 0.7 ± 0.07 2.95 ± 0.29 477 ± 11

3 80 ± 6 11.1 ± 1.2 0.8 ± 0.08 0.7 ± 0.1 2.99 ± 0.31 462 ± 25

4 79 ± 9 10.2 ± 1.3 0.9 ± 0.2 0.7 ± 0.08 3.25 ± 0.14 419 ± 40

5 85 ± 6 11.7 ± 1.8 0.8 ± 0.1 0.8 ± 0.1 3.35 ± 0.07 496 ± 34

6 98 ± 7 15.9 ± 4.2 1.1 ± 0.07 1 ± 0.07 3.48 ± 0.25 508 ± 32

7 87 ± 15 19 ± 4.1 1.3 ± 0.3 1.1 ± 0.3 2.91 ± 0.26 504 ± 43
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source zone of K+ and NO3
� in conduit flow. It is worth noting that

the concentrations of K+ and NO3
� in groundwater in the depression

(2.7 and 8.46 mg/L, respectively) were higher than that in conduit

flow. Which reveals that the small fractures in depression could be

another minor source zone of K+ and NO3
� in conduit flows. The con-

centrations of Na+ were higher both in overland flows and groundwa-

ter (1.87 and 1.81 mg/L) than that in conduit flows (0.9 mg/L), which

was treated as a soil enriched solute in this study. By contrast, the

highest concentrations of Ca2+ and Mg2+, classified as the geogenic

solutes (Zhi et al., 2019), were in groundwater with the means of

103.3 and 37.1 mg/L, respectively. Which indicated that the small

fractures are the main source zone for Ca2+ and Mg2+ in conduit

flows (with the mean values of 90 and 13.6 mg/L, respectively).

Chemical weathering of various rocks, as well as atmospheric

and anthropogenic inputs, are main contributors of dissolved loads

in streamflow (Gaillardet et al., 1999). Many previous studies have

confirmed that the chemical weathering of rocks, especially the car-

bonate weathering, has a controlling effect on concentration of geo-

genic solutes (e.g., Ca, Mg) in streamflow in karst area (Zhong

et al., 2017). The Na normalized molar ratios of Mg2+/Na+ and

Ca2+/Na+ in the dissolved phase of streamflow can be used to char-

acterize the weathering of silicate, carbonate and evaporite at

catchment scale (Gaillardet et al., 1999). The relationships of Mg2+/

Na+ versus Ca2+/Na+ in conduit flow and groundwater in the

depression for Chenqi catchment were shown in Figure 5. The

F IGURE 4 Solute concentration in rain, hillslope flow, overland flow, groundwater, and conduit flow (p < 0.05). The triangles represent the
mean values from Tan (2020). CF, conduit flow; GW, groundwater; HS, hillslope water; OF, overland flow.

F IGURE 5 The relationships of Mg2+/Na+ versus Ca2+/Na+ in
conduit flows and groundwater in the depression.
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results showed the marked high values of Ca2+/Na+, indicating the

strong limestone weathering. This is consistent with the findings by

Wang (2008) that the geologic stratum of this catchment is predomi-

nantly calcite rich rocks. Compared to groundwater in the depression

with long residence time, the water from hillslope has relatively short

resistance times (a mean age of �109 days by Zhang et al. (2021)),

which weakens the rock weathering. In addition, the thin soil layer

on hillslope results in relatively little soil carbon dioxide dissolution

(Li & Li, 2018), which limits the weathering of carbonate in hillslope.

Therefore, the concentrations of Ca2+ and Mg2+ were relatively low

in hillslope flow, with the mean values of 75 and 9.5 mg/L, respec-

tively (Figure 4).

The mass of Ca2+ and Mg2+ accounting for over 90% of the cat-

ions in conduit flow (Tan, 2020), resulting in the highest EC in ground-

water with the mean of 644 μS/cm, which indicated that the small

fracture was the main ‘source zone’ of EC in conduit flows.

3.3 | C-Q behaviours of different solutes in
conduit flow

Figure 6 showed the general C-Q relationships of Ca2+, Mg2+, K+,

Na+, NO3
� and EC in conduit flows over the study period. The results

indicated that C-Q relationships of these solutes can be generally

described by a power law model in the form C = aQb. The negative

b indicated a dilution C-Q pattern for all constituents during the study

period. It was notable that the variations in the concentration of

NO3
� were more complex than the other solutes, which could be

associated with the biogeochemical reaction of nitrate.

The dynamics of hourly discharge, water age and solute concen-

tration for each separated event were shown in Figure 7. Here is the

case of event No. 1 on 9 July 2017, and the results for the other

events are in Data S1. During the event, the modelled ages of conduit

flow declined and then increased. The lowest water age appeared

F IGURE 6 Power-law relationships between concentration and discharge over the whole study period for each solute.
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earlier than the flow peak, which indicated the rapid entrance of

young water at the beginning of the event. There was a little decline

of conduit flow age at 5 o'clock 25 June, on the falling limb of hydro-

graph, which was due to a small rainfall (with the rainfall amount less

than 1 mm). The concentrations of Ca2+, Mg2+, NO3
� and EC in con-

duit flow decreased with the increase of discharge on the rising limb,

and then increased gradually on the falling limb. The concentration

curves of these solutes showed a general shape of letter ‘V’ during
the event, which indicated the dilution C-Q pattern over the entire

event (Figure 7b). The C-Q relationship of Mg2+ showed chaotic vari-

ations on the rising limb in this event, which may be related to the

antecedent concentration conditions in the catchment. In contrast,

the concentrations of K+ and Na+ increased first (increased by �33%

and 27% in the first hour, respectively) and then decreased (Figure 7a)

on the rising limb, and gradually increased on the falling limb. During

the event, the concentration curves of K+ and Na+ showed a shape of

letter ‘N’ with two inflection points. Which indicated that the C-Q

patterns changed from enrichment to dilution during the event

(Figure 7b).

The difference of C-Q patterns for different species mainly

occurred in the early of event (Figure 7). Here, the ratio of percentage

changes in solute concentration and discharge, at the first hour of

each event, was estimated as: ΔQ = (Qn�Q0)/Q0 � 100%; ΔC =

(Cn�C0)/C0 � 100%. Where, Q and C represent discharge and concen-

tration, and the subscript 0 and n represent the start time and elapsed

time (n = 1 in this study) for the runoff event, respectively. The results

show that the percentage changes in discharge at the first hour ran-

ged from 13% to 291% (with the mean of 87%) for the seven events.

The concentration of Ca2+ tended to decrease at the first hour, and

its percentage changes ranged from �0.6% to �27.1% for the seven

events, which indicated the dilution C-Q pattern at the beginning of

the event. On the contrary, the concentration of K+ increased at the

F IGURE 7 (a) Dynamics of hourly discharge, modelled flow age and solute concentration in conduit flows for the event on 24 June 2017
(event No. 1 in Table 1); (b) the normalized C-Q behaviours of solutes.
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first hour for all events, with the percentage changes from 0.4% to

71.3% (Figure 8), indicating an enrichment C-Q pattern. The percent-

age changes in concentrations of Mg2+ and EC increased in most

events while decreased in some others (Figure 8), and the percentage

changes in Na+ and NO3
� concentrations showed irregular changes

at the first hour of event.

3.4 | Empirical models for intra-event C-Q
relationship

There were significant changes in C-Q relationships during the runoff

event (Figure 7). To consider the variations and associated influence

factors, we used piecewise models to fit the C-Q patterns on rising

and falling limb, respectively, instead of single model with constant

coefficients for a whole event (Musolff et al., 2021; Qin et al., 2020;

Winter et al., 2021). The negative C-Q relationships for geogenic sol-

utes (e.g., Ca2+ and Mg2+) showed dilution patterns on both rising

and falling limbs. Here, two power law equations, in the form of

C = aQb, with different coefficients were chosen for the rising and

falling limbs, respectively. Taking the C-Q behaviours of Ca2+ of event

No. 1 on 24 June 2017 as an example (Figure 9), the results showed

that these two power law formulations can capture the C-Q behav-

iours on both sides of the hydrograph, with R2 of 0.77 and 0.65,

respectively. The values of b, representing the C-Q slopes in log–log

space, for the rising limb (�0.13) were lower than that for the falling

limb (�0.07). Which indicated an exhaustible, proximal source of

groundwater on the rising limb. It can be inferred that the piecewise

fitting models can be used to explore variations in contributions of dif-

ferent source water or activations of solute sources during the event,

which are usually identified through hysteresis analysis (Li et al., 2022;

Lloyd et al., 2016).

Due to theoretical monotonicity, power-law models cannot

describe the changes in C-Q patterns from enrichment to dilution for

K+ (Figure 9). In this study, a parabolic equation in the form of

ax2 + bx + c was used to fit the C-Q pattern of K+ on the rising limb

of hydrograph. The results showed that the C-Q relationship can be

captured well on the rising side of hydrograph, with R2 of 0.92. The

positive C-Q relationship (enrichment pattern) implied that the proxi-

mal source of K+ was plentiful at the beginning of the rising phase.

Then supply limitation occurred and the C-Q pattern reversed in the

later of rising limb. On the falling limb, the concentrations increased

F IGURE 8 Percentage changes in the solute concentration at the first hour of each event versus the corresponding percentage changes in
discharge.
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monotonically with the decrease of discharge, showing a dilution C-Q

pattern. Thus, a power law equation was used to fit the C-Q relation-

ship on this limb, and the model can generally capture the C-Q rela-

tionship, with R2 of 0.43. It worth noting that the K+ has a similar

dilution C-Q pattern to Ca2+ on the falling limb of the hydrograph,

which revealed that they have the same source water, that is, ground-

water, during this phase. According to the variations in concentrations

and discharges in Figure 7, it can be found that not all soil-enriched

solutes follow the same C-Q pattern as K+ during the event, for exam-

ple, NO3
�. The most likely explanation relates to the biogeochemical

reactions and anthropic impacts on the solute fates at the catchment

scale. This is consistent with findings in many studies that some soil-

enriched solutes usually show different C-Q relationships at the event

scale (Liu et al., 2022).

4 | DISCUSSION

4.1 | Constraint of hydrological connectivity on
inter-event C-Q patterns

Geogenic solutes usually exhibit high concentrations in groundwater

due to mineral weathering upon long-time contact between water

and rocks (Ameli et al., 2017; Rose et al., 2018). According to ion mon-

itoring in this study, the concentrations of geogenic solutes in over-

land flows in depression and hillslope flows were lower than that in

the conduit flows (Figure 4). In other words, groundwater is the main

source of geogenic solutes in stream/under river flows (Zeng

et al., 2019). On the rising limb of hydrograph, the decrease trend of

concentrations of geogenic solutes (e.g., Ca and Mg) in conduit flows

F IGURE 9 C-Q relationships (Ca2+ and K+) at the rising and falling limbs of hydrograph for the event on 24 June 2017.
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indicated the entrance of water with low concentrations. The increase

of overland and hillslope flow contributions can cause this dilution

C-Q pattern. Water age can provide information to exactly identify

the source water for this C-Q behaviours. Conduit flow ages dropped

rapidly from a few hundred days to a dozen days at the beginning of

rainfall (Figure 2), while the ages of hillslope flows were about

100 days (with mean of �109 days) during the same period (Zhang

et al., 2019). Hence, it can be inferred from the dynamics of water age

that the dilution C-Q pattern of geogenic solute in the early of rising

limb was caused by the high contribution of overland flows with low

age (Zhang et al., 2021). This was related to the strengthening hydro-

logical connectivity between surface and conduit through large frac-

tures or sinkholes in depression at the early of runoff event. With the

strengthening of hydrological connectivity between hillslope and

depression, the contribution of hillslope flows to conduit flows

increased in the later of rising limb. Which resulted in the continuous

dilution C-Q pattern during this phase. The flatter C-Q slope on the

falling limb indicated the gradual dominant of groundwater with

higher availability of solutes in contrast to overland and hillslope

flows. The increasing ages of conduit flow on the falling limb sup-

ported this hypothesis (Figure 7a).

In no-karst area, many researches found that C-Q slopes of geo-

genic solutes were usually invariant during runoff event, due to the

relatively constant contribution of groundwater to streamflow

(Anderson et al., 1997; Godsey et al., 2009; Stewart et al., 2022).

Which indicated the hydrologic connectivity had less effect on varia-

tions in C-Q slope (Knapp et al., 2020). However, hydrological connec-

tivity between small fractures (slow flow system) and conduit (fast

flow system) showed significant variation across wetness states in

karst area (Chen et al., 2018; Wang et al., 2022). Which can result in

the changes in C-Q slopes during runoff event, as the contributions of

groundwater changes with hydrological connectivity. Therefore, time-

variant models could be needed for C-Q relationship fitting in karst

catchment with rapid variability of hydrological connectivity during

the event.

For soil-enriched solutes, diffuse percolation of soil water to small

fractures in depression increases the availability of solutes in small

fracture water (Sorensen et al., 2015; Yue et al., 2019). In addition,

higher water level in conduits at the beginning of a flood can lead

water flux with high concentrations (showing in Figure 7) from con-

duits to small fractures, known as the ‘bidirectional exchange’
between conduit and small fracture in karst critical zone (Chen

et al., 2018; Zhang et al., 2017). These make the small fractures in epi-

karst a secondary source zone for soil-enriched solutes in conduit

flows, and the monitoring results of concentration (Figure 4) approved

our hypothesis. Therefore, both overland flows and groundwater in

depression, in theory, could produce the increases of solute concen-

trations at the beginning of rising limb, as well as falling limb phases

(Figure 7). Fortunately, water age provides information to determine

the mixing of different water sources with a different timing

(Botter, 2012; van der Velde et al., 2015), which can be used to iden-

tify which source is mobilized at different wetness stages. According

to variations in water ages, the strong hydrological connectivity

between surface and subsurface mobilizing the source of soil layer in

the depression, because the sharp increase of concentrations with the

increase in discharge (the enrichment C-Q pattern) at the beginning of

rising limb. On the contrary, the dominant of groundwater in the con-

duit flows results in the gradual increase of concentrations with the

decrease in discharge (the dilution C-Q pattern) on the falling limb. At

the later of rising limb, the ages of conduit flows indicated the strong

hydrological connectivity between hillslope and depression (Zhang &

Shao, 2018), which causes C-Q pattern convert from enrichment to

dilution due to the entrance of hillslope flows with low concentrate.

Hence, it can be deduced that affected by multiple sources and the

variations in hydrological connectivity under different wetness condi-

tions, the C-Q relationships of K+ show an ‘enrichment- dilution- dilu-

tion' pattern (Figure S2), which correspond with the ‘N' dynamics of

concentrations during the runoff event.

It is worth to note that the soil enriched solutes, for example, K+

or NO3
� in this study are related to the anthropic actions (Lorette

et al., 2022; Yang et al., 2020). Therefore, they are mainly concen-

trated in the soil and small fractures in the depression, but very low in

the hillslope unit. However, some other soil-enriched solutes, for

example, soluble carbon have significant high concentrations on hill-

slope in karst catchment (Liu et al., 2023), and they could have differ-

ent C-Q behaviours under different wetness during the runoff event.

4.2 | Broader implications of C-Q relationships on
agricultural management in the karst catchment

About one-third of global fertilizers is used in China for agriculture (Ju

et al., 2009; Wang et al., 2020), and the relatively low efficiency of

fertilizer use leads the risk of water quality deterioration, particularly

in karst area of southwest of China, one of the most ecologically frag-

ile regions in China (Tan et al., 2015). For example, fertilizer applica-

tion is growing by 3.5% each year from 1996 to 2015 in Guizhou

province, the centre of Yunnan-Guizhou Plateau of southwest China

(one of the largest, continuous karst areas in the world). The mean uti-

lization rate of fertilizer in Guizhou (587.98 kg/hm2) was 1.32 times

that of China (446.12 kg/hm2). The intensive fertilizer application in

agriculture in karst area increases the concentration of solutes in soil.

Meanwhile, it leads potential nutrient losing and aquifer contamina-

tion under the rapid hydrological condition, especially during heavy

rainfall events (Yue et al., 2020). The enrichment C-Q pattern of soil

enriched solutes, for example, K+, could cause the solutes losing and

aquifer contamination at the beginning of storm. Some of the pollut-

ants from soils may absorbed by small fractures in the depression dur-

ing runoff events due to the ‘bidirectional exchange’ between ground

conduits and small fractures, as well as the diffuse infiltrations. During

dry period, this source zone, as a ‘hotspot’ of contaminant, will

release the water with high solute concentrations. According to obser-

vation by Puding Karst Ecohydrological Observation Station in China,

the concentration of K+ in well water is still in a high level during dry

season, with the mean value of 2.4 ± 1 mg/L. Which means the

removal of dissolved solutes stored in the slow flow system will be a

12 of 16 HAO ET AL.
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long process in karst aquifer in depression. Hence, in addition to

reducing utilization rate of fertilizer, appropriate fertilizer should be

selected to inhibit solute accumulation in soil. Avoidances of fertiliza-

tion before storm and near to uncovered fractures or sinkholes are

also a potential requirement of agricultural management in karst area.

5 | CONCLUSION

In this study, we explored the intra-event C-Q relationships of differ-

ent solutes and its variations with the changes in hydrological connec-

tivity in karst catchment, by integrating solute concentration,

discharge and water age tracked by a calibrated karstic tracer-aided

model in a 1.25 km2 karst catchment in southwest China. Generally,

geogenic solutes showed the dilution C-Q patterns during the runoff

event, and the piecewise power-law formulations can describe the

C-Q patterns on both rising and falling limb of hydrograph. Variations

in hydrological connectivity between surface, hillslope and conduits

leaded significant differences in the dilution C-Q patterns at different

phrases of event, which revealed the changes in mobilization mecha-

nisms during the runoff event. Both soil layer and small fractures in

the depression were source zones of soil-enriched solutes. However,

mobilizations of solutes in these two sources affected by hydrological

connectivity could result in different C-Q patterns under different

wetness conditions. As a result, there was a notable change in C-Q

patterns from enrichment to dilution during the runoff event. In this

study, we highlighted the effects of water ages in identifying the

water sources and flow paths in the karst catchment. In addition,

piecewise models could be needed to capture the variations in C-Q

relationships during the runoff event. In future work, more and longer

observations of chemistry of various end-member source water are

needed for assessment and testing the hypothesises of solute trans-

port in karst catchment. Assessing the influence of biogeochemical

processes on C-Q relationship in streamflow is also requested.
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