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A B S T R A C T   

Hydrograph separation assessment is crucial to understand stormflow generation at catchments worldwide. 
Tracer-based methods provide robust estimations of event (or new) and pre-event (or old) water fractions as they 
account for external and internal catchment hydrological behavior. While models of different mathematical and 
computational complexity are often used in tracer-based hydrograph separation studies, direct comparisons 
between those models are limited. Here, we compare hydrograph separation results yielded by the simplest Two- 
Component Mixing Model (TCMM) and a Tracer-based Streamflow Partitioning ANalysis model (TraSPAN) 
assumed to provide robust results as it combines conceptual rainfall-runoff modelling with tracers’ mass balance. 
We carried out the analysis using high temporal frequency (sub-daily to sub-hourly) data of two tracers, Oxygen- 
18 and Electrical Conductivity (EC), monitored during 37 rainfall-runoff events with different hydrometeoro-
logical conditions in a high-Andean páramo catchment located at the Zhurucay Ecohydrological Observatory in 
southern Ecuador. Both approaches yield similar estimations of event and pre-event water fractions regardless of 
the tracer used as long as appropriate concentrations of event (Ce) and pre-event (Cp) water for the TCMM are 
determined. Although the estimate of Ce has little influence with one rainfall sample collected during the event 
being sufficient to obtain reliable results, results hinge heavily on the estimate of Cp. We found that the TCMM 
yields similar results than TraSPAN when Cp is represented by the stream water concentration corresponding to a 
sample collected prior to the beginning of each of the events. We conclude that the combination of a simple 
framework (TCMM) with sub-hourly EC measurements provides reliable hydrograph separation results when 
representative Cp samples are used. These findings will allow to lower the logistical and economical resources 
needed to adequately assess hydrograph separation and to carry out quasi-continuous assessments of flow par-
titioning with high accuracy in high-Andean páramo catchments.   

1. Introduction 

Understanding the hydrological processes involved in runoff gener-
ation remains challenging given climatological and biophysical differ-
ences among catchments worldwide. Flow partitioning modelling is an 
approach often used to understand how precipitation mixes with 
different subsurface water storages (i.e., streams, soils, groundwater; 
Shope, 2016), and to determine the contribution of different water 
sources to streams at different time scales (McGlynn et al., 2004). This 

approach has helped to delineate water flow paths (e.g., Goller et al., 
2005; Klaus and McDonnell, 2013), conceptualize runoff generation 
processes (e.g., Camacho Suarez et al., 2015; Mosquera et al., 2018; 
Muñoz-Villers and McDonnell, 2012; Sklash and Farvolden, 1979; 
Soulsby et al., 2011; Tetzlaff et al., 2015a), identify thresholds in runoff 
generation (e.g., Detty and McGuire, 2010; Litt et al., 2015), and esti-
mate water travel times (e.g., Harman, 2015; Lee et al., 2020; McGuire 
and McDonnell, 2006; Soulsby et al., 2015). 

Determining the amount of event (or new) and pre-event (or old) 
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water contributing to streamflow using tracer-based techniques is one of 
the most used flow partitioning analysis in hydrological research (Pel-
letier and Andréassian, 2020; Cartwright and Morgenstern, 2018; Tet-
zlaff et al., 2015b). These methods allow defining catchment internal 
flow paths and storages (Stadnyk et al., 2013) that cannot be identified 
based on streamflow data alone (Beven and Binley, 1992; Dunn et al., 
2008; Fenicia et al., 2008; Seibert and McDonnell, 2002). Two 
Component Mixing Model (TCMM) and Tracer-Aided Rainfall-Runoff 
Models (TARRM) have been used in catchments worldwide (Birkel and 
Soulsby, 2015; Klaus and McDonnell, 2013). The TCMM is a mass bal-
ance approach that has been used for over the last 40 years (Pinder and 
Jones, 1969; Sklash and Farvolden, 1979). The TARRM combine con-
ceptual rainfall-runoff models with tracers and has been around for 20 
years (Birkel et al., 2014, 2010; Delavau et al., 2017; Lazo et al., 2023; 
Mosquera et al., 2018; Smith et al., 2016; Tetzlaff et al., 2008; Weiler 
et al., 2005). Although both approaches yield event-based estimates of 
new and old water there are few comparisons of their performance (i.e., 
Lyon et al., 2008). 

Despite which type of tracer-based model is selected, the sources (i. 
e., new and old water) concentrations must be well defined to 
adequately asses flow partitioning results (Liu et al., 2004). In this sense, 
several authors have addressed the subject and proposed different 
strategies to determine these concentrations. In terms of event water 
source concentration, rainfall is often accepted as the main contributor 
of new water to streamflow with a bulk rainfall sample often assumed as 
representative of the entire event component (Bansah and Ali, 2017; 
Klaus and McDonnell, 2013). However, McDonnell et al. (1990) pro-
posed three methods to determine the concentration of new water 
source by transforming the concentrations of all samples collected 
during individual rainfall-runoff events into one using: i) a weighted 
mean, ii) an incremental mean, and iii) an incremental intensity mean. 
They determined that alternatives ii) and iii) were more effective as they 
overcome the problem presented by bulk samples in which old water 
estimates at any point before the end of the event will be influenced by 
rain that has not yet entered the catchment, making the assumption 
physically incorrect. 

Old water source concentration is often characterized as the con-
centration of tracer samples collected from the stream at baseflow (e.g., 
Blume et al., 2008; Litt et al., 2015; Obradovic and Sklash, 1986; Pinder 
and Jones, 1969) assuming that at this stage only pre-event water con-
tributes to the streamflow. The tracer signal of stream water samples 
collected prior to the beginning of the event is also frequently selected as 
pre-event water source (e.g., McDonnell et al., 1990; Pellerin et al., 
2008; Sklash and Farvolden, 1979; von Freyberg et al., 2018, 2017) 
assuming that pre-event water comes from a fully mixed reservoir (Lyon 
et al., 2008). Other studies have used the average tracer concentration in 
stream samples collected at low flow (e.g., Obradovic and Sklash, 1986; 
Onda et al., 2006), or in samples collected at groundwater wells (Iwa-
gami et al., 2010). However, it remains unclear which of these con-
centrations is most adequate for different catchments around the world. 
This situation highlights how challenging it is to determine pre-event 
concentration due to its spatial and temporal variability that could 
affect flow partitioning results. It is also worth noting that most studies 
assessing different event and pre-event water concentrations in flow 
partitioning have been mainly conducted in forested, glacial, and 
temperate environments, highlighting the need to carry out in-
vestigations in other understudied regions such as the tropics. 

Due to the conservative behavior of water stable isotope ratios 
(Kendall and McDonnell, 1998), they are widely used as tracer to 
perform event and pre-event flow partitioning. Although technology has 
enable high-resolution sampling of water for H2 and 18O analysis, it is 
still a major challenge to maintain this type of monitoring setups for long 
term (Birkel and Soulsby, 2015). Thus, several alternative tracers have 
been tested in flow partitioning studies including electrical conductivity 
(EC; e.g.,Cano-Paoli et al., 2019; Cey et al., 1998; Correa et al., 2019; 
Laudon and Slaymaker, 1997; Lazo et al., 2023; Mosquera et al., 2018; 

Pellerin et al., 2008), chloride (e.g., Brown et al., 1999; Leaney et al., 
1993; Monteith et al., 2006; Turner et al., 1987), silica (e.g., Durand 
et al., 1993; Hooper and Shoemaker, 1986; Munyaneza et al., 2012; 
Nolan and Hill, 1990), alkalinity (e.g., Ribolzi et al., 1996), sodium (e.g., 
Pionke et al., 1993; Suecker et al., 2000) and calcium (Johnson et al., 
2023). Among them, approaches using EC have provided similar flow 
partitioning results in different settings including alpine forested and 
grasslands (e.g., Cano-Paoli et al., 2019; Laudon and Slaymaker, 1997), 
mediterranean forested (Mosquera et al., 2018), subtropical semi-arid 
grasslands (e.g., Camacho Suarez et al., 2015), temperate tile-drained 
(Vidon and Cuadra, 2010), tropical urban glaciated (e.g., Meriano 
et al., 2011), and tropical montane grasslands (Lazo et al., 2023). The 
use of EC allows higher tracer resolution at a lower cost than water 
stable isotope ratios. EC in the context of TCMM could help reduce 
uncertainty and calculation time when dealing with large datasets. In 
addition, this could facilitate the selection of event and pre-event end- 
members concentrations given the large amount of information avail-
able, resulting in more accurate estimations that benefits the analysis of 
process thresholds and short term catchment processes (Floury et al., 
2017; Sahraei et al., 2020; Stockinger et al., 2016). 

In this study, we use a high temporal frequency sampling scheme 
deployed at a tropical montane ecosystem to monitor hydrometric and 
tracer data during 37 rainfall-runoff events with the following objec-
tives: i) to test how the selection of different event and pre-event water 
source concentrations influences flow partitioning results using EC and 
18O, ii) to examine if models of different complexity yield similar flow 
partitioning results, and iii) to compare flow partitioning modelling 
results using EC and 18O. 

2. Materials and methods 

2.1. Study site 

The study site is a tropical páramo catchment located within the 
Zhurucay Ecohydrological Observatory (ZEO) in southern Ecuador 
(3◦04′S, 79◦14′W). The catchment has a drainage area of 3.28 km2 and 
extends between 3,680 to 3,900 m a.s.l. (Fig. 1). Climate is mainly 
influenced by air masses stemming from east flank of the Andean 
cordillera through the Amazon rainforest (Esquivel-Hernández et al., 
2019; Zhiña et al., 2022). Mean annual precipitation (±standard devi-
ation) at 3,780 m a.s.l. during the period 2011–2018 was 1222 ± 22 mm 
(Larco et al., 2023). Precipitation is mainly delivered as low intensity 
rainfall events (<5 mm/hr) that falls all year round as drizzle (Padrón 
et al., 2015). This nearly constant precipitation input in combination 
with the high porosity and hydraulic conductivity of the soils results in a 
flashy streamflow response to precipitation (Mosquera et al., 2015; 
Mosquera et al., 2016a), where shallow subsurface flow through the 
little developed soils (up to 1 m depth) is dominant (Mosquera et al., 
2016b). Annual evapotranspiration is relatively low (610 mm on 
average during the period 2016–2019) (Ochoa-Sánchez et al., 2020) as a 
result of low mean annual temperature (6.3 ± 1.24 ◦C) and high relative 
humidity (92.3 ± 8.3 %) at 3,780 m.a.s.l. (Larco et al., 2023). 

The site is underlied by the Quimsacocha and Turi formations. The 
Quimsacocha formation consists of basaltic flows with plagioclases, 
feldspars, and andesitic pyroclastics. The Turi formations is dominated 
by tuffaceos andesitic breccias, conglomerates, and horizontal stratified 
sands. Both formations have very low permeability (Zuñiga, 2018). 
Dominant soils are Andosols and Histosols (IUSS Working Group WRB, 
2015) originated from the accumulation of volcanic ash and organic 
matter. As a result, these soils are humic, acid, and present a high water 
retention capacity (Mosquera et al., 2021; Quichimbo et al., 2012). 
Vegetation cover is mainly composed of tussock grasses (Calamagrostis 
sp.) overlying Andosol soil at hillslope positions and covering 71 % of 
the catchment area. Cushion plants (Plantago rigida, Xenophyllum humile, 
Azorella spp.) overlying the Histosols are found at flat areas, mainly 
valley bottoms, and represent 24 % of the catchment area. Native forests 
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(Polylepis reticulata) and pine plantations (Pinus patula) cover less than 5 
% of the land. Land use practices in the catchment are limited to light 
grazing mainly at lower elevations (Mosquera et al., 2015). 

2.2. Hydrometric data collection 

Precipitation and water level data were collected from October-2017 
to June-2019. We used four HOBO (RG3-M, Onset Computer Corpora-
tion, Bourne, MA, USA) rain gauge tipping buckets (0.2 mm resolution) 
distributed across the catchment to measure precipitation (Fig. 1) (Lazo 
et al., 2019). Water level at the catchment outlet was recorded every 5 
min with a INW pressure transducer (AquiStar CT2X, Kirkland, WA, 
USA) placed in a V-notch weir. Streamflow values were calculated from 
water level data using the Kindsvater-Shen equations (U.S. Bureau of 
Reclamation, 2001), and these equations were calibrated using the 
constant rate salt dilution method (Guallpa et al., 2022). 

2.3. Tracer data collection 

Water samples for 18O analysis were collected from October-2017 to 
June-2019. Rainfall samples were collected using a volumetric sequen-
tial rainfall sampler located at the upper part of the catchment (Fig. 1). 
The collector was free from evaporative effects (Lazo et al., 2023; Zhiña 
et al., 2022). Streamwater samples were collected using a PVS4120D 
autosampler (Campbell Scientific, Logan, UT, USA) at different sampling 
intervals. From October-2017 to January-2018 samples were collected 
every 6 h, from January-2018 to March-2019 the sampling interval was 
every 4 h, and from March-2019 to June-2019 samples were collected 
hourly. Streamwater samples were filtered using 0.45 µm polypropylene 
single-use syringe membrane filters (Puradisc 25 PP Whatman Inc., 
Clifton, NJ, USA). All water samples were stored in 2 ml amber glass 
bottles, sealed with parafilm, and kept away from sunlight to prevent 
fractionation. 

A cavity ring-down spectrometer (Picarro 2130-I; Picarro Inc., USA) 
was used to measure oxygen-18 isotopic composition. Precipitation and 
streamwater samples were analyzed in separate runs to reduce memory 
effects (Penna et al., 2012). 

EC was manually measured in rainfall samples collected from the 

volumetric sequential rainfall sampler. A WTW Universal Multi- 
Parameter (Handheld ProfiLine Multi 3320, Xylem Analytics Germany 
GmbH, Weilheim, Germany) equipped with a conductivity measuring 
cell (TetraCon 325, Xylem Analytics Germany GmbH, Weilheim, Ger-
many) was used to measure EC in rainfall samples (accuracy of ± 0.5 % 
of the measured value). This equipment was calibrated for each sam-
pling campaign (i.e., every 5 days/weeks). Stream water EC was 
continuously recorded at the catchment outlet using the same probe that 
measured water level (i.e., INW CT2X, accuracy of ± 0.5 % of the 
measured EC value) at a 5-minute resolution. The calibration of the 
probe was carried out before installation and every 6 months afterwards. 
Rainfall and streamflow EC data are reported in μS/cm. 

2.4. Rainfall-runoff events selection 

Rainfall-runoff events were defined using the Peak Over Threshold 
approach (POT; Lang et al., 1999), which selects all peak values above a 
streamflow threshold. In this study, the threshold was defined as the Q35 
non-exceedance flow rate that corresponds to low flow values for the 
ZEO (Mosquera et al., 2015). Therefore, every runoff response to rainfall 
that started below this threshold and reached peak flow above it was 
considered as a rainfall-runoff event. Because of the frequent occurrence 
of rainfall at the ZEO (Padrón et al., 2015), a time of 6 h was selected as 
the minimum inter-event criteria (Dunkerley, 2008) to account also for 
precipitation dynamic. R software version 3.5.1 with the POT package 
(Ribatet and Dutang, 2004) was used for the analysis. 

In order to characterize all the monitored events and evaluate the 
flow conditions in which flow partitioning was performed; several hy-
drological variables were estimated. These variables included event 
duration, peak flow, cumulative rainfall, cumulative streamflow, 
average rainfall intensity, average streamflow, and runoff coefficient. 
The latter was estimated as cumulative streamflow to cumulative rain-
fall for each of the events. 

2.5. Flow partitioning modelling 

Flow partitioning modelling for all the events was conducted using 
the two approaches described below. 

Fig. 1. Location of precipitation and hydrometric stations situated at the Zhurucay Ecohydrological Observatory (ZEO) in south Ecuador.  
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2.5.1. Two component mixing model (TCMM) 
The two component hydrograph separation proposed by Pinder and 

Jones (1969) was used to estimate the event and pre-event water frac-
tions forming streamflow during events, where the required assump-
tions proposed in Pearce et al. (1986) and Sklash et al. (1986) were met. 
The following mass-balance equations were used for calculation: 

Qt = Qe +Qp (1)  

CtQt = CeQe +CpQp (2)  

where Q is streamflow, C refers to the tracer concentration, and the 
subscripts t, e, and p refer to total, event, and pre-event, respectively. 

Equations (1) and (2) were combined to determine the pre-event 
water fraction (Fp): 

Fp =
Cs − Ce

Cp − Ce
(3)  

Uncertainty in the TCMM results was estimated following the Gaussian 
standard error method proposed by Genereux (1998): 

Wfp =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[

fp(
Ce − Cp

)WCp

]2

+

[
fe(

Ce − Cp
)WCe

]2

+

[
− 1

(
Ce − Cp

)WCt

]2
√
√
√
√

where W is uncertainty, C is the tracer concentration, f is the mixing 
fraction and the subscripts e, p, t refers to the event, pre-event, and total 
stream water components. Analytical errors were assumed as 0.1 ‰ for 
δ18O and 5 % of the measured value for EC. 

2.5.2. Tracer-aided rainfall-runoff model (TARRM) 
The Tracer-based Streamflow Partitioning Analysis model (TraSPAN; 

Mosquera et al., 2018; Segura et al., 2012) was also used for the esti-
mation of the event and pre-event water fractions to streamflow. This 
tracer-aided rainfall-runoff model is based on the unit hydrograph to 
account for streamflow response to rainfall events, in combination with 
transit time distributions (TTDs) to simulate catchment internal mixing 
processes through tracer mass balance. The model is composed of three 
modules. The first module estimates effective rainfall (Peff) as the 
product of antecedent rainfall index (Jakeman and Hornberger, 1993) 
and precipitation. Module 2 calculates the fraction of Peff routed as event 
or pre-event water and module 3 computes the event (Qe) and pre-event 
(Qp) water fractions by solving the convolution of the TTDs. The esti-
mation of the tracer concentration is obtained by combining the 
convolution results with the mass balance approach. A detailed 
description of the model is presented in Mosquera et al. (2018). 

Although the model allows setting up different structures repre-
senting different catchment hydrological behavior, here we report re-
sults of the structure that best represents the rainfall-runoff response at 
the ZEO determined by Lazo et al. (2023). As such, we assume that the 
fraction of Peff routed as event water is time-variant and that water is 
routed in a Two Parallel Linear Reservoirs TTD. A representation of the 
model structure and the main equations are presented in Figure S1 and 
Table S1. 

Model calibration was carried out through a Monte Carlo approach. 
The model was run 1,000,000 times for each event to randomly define a 
set of parameters for each simulation (Beven and Freer, 2001). The 
goodness of fit of the model simulations was assessed using the Kling- 
Gupta Efficiency (KGE; Gupta et al., 2009) metric by comparing the 
modelled runoff and tracer signals to the observed data. The “best” event 
and pre-event water source concentrations in our model framework 
were numerically defined by obtaining the combination of Ce and Cp that 
yielded the highest KGE values. For Ce, we considered three alternatives 
weighted mean, an incremental mean, and an incremental intensity 
mean (McDonnell et al., 1990), Cp was included as a model parameter in 
the Monte Carlo approach to asses a range of possible Cp values. This 

range was defined by the values of the streamwater concentrations prior 
to each of the 37 events, and the value of the concentration measured at 
baseflow for each tracer (i.e., tracer concentrations of stream water 
samples collected at flow below the 5th percentile of the non- 
exceedance flow rate curve). Therefore, the selected Ce and Cp source 
concentrations and flow partitioning results obtained using this Tra-
SPAN structure were assumed as the basis for comparison with those 
yielded by the TCMM. 

2.6. Selection of event and pre-event water samples 

We tested different combinations of Ce and Cp for the two-component 
mixing model. In terms of Ce, we analyzed six different possibilities (E1 
to E6; Table 1) that included: (i) the precipitation concentrations of the 
samples according to the time that they were taken during the rainfall- 
runoff event (E1), (ii) the incremental mean technique (E2; McDonnell 
et al., 1990), (iii) volume weighted average (E3; McDonnell et al., 1990), 
(iv) the first precipitation sample collected during the event (E4), (v) the 

Table 1 
List of event (E) and pre-event (PE) water samples used for flow partitioning 
modelling in this study.  

Code Description Reference 

PE1 Pre-event concentration corresponding 
to the streamflow sample taken before 
the start of the event. 

(McDonnell et al., 1990; Pellerin 
et al., 2008a; Sklash and 
Farvolden, 1979) 

PE2 Pre-event concentration corresponding 
to the average of the three streamflow 
samples taken prior to the event. 

(Bonell et al., 1990; von 
Freyberg et al., 2018, 2017) 

PE3 Pre-event concentration corresponding 
to the average of the streamflow 
samples taken during the lowest flows 
(below 35th percentile of the non- 
exceedance flow rate curve) of the year 
in which the event occurred 

(Obradovic and Sklash, 1986) 

PE4 Pre-event concentration corresponding 
to the average of the streamflow 
samples taken during the lowest flows 
(below 35th percentile of the non- 
exceedance flow rate curve) of the last 
6 years 

(Obradovic and Sklash, 1986; 
Onda et al., 2006) 

PE5 Pre-event concentration corresponding 
to the average of the streamflow 
samples taken during the baseflow 
(based on the recession constant) of the 
year in which the event occurred 

(Litt et al., 2015; Obradovic and 
Sklash, 1986; Pinder and Jones, 
1969) 

PE6 Pre-event concentration corresponding 
to the average of the streamflow 
samples taken during the baseflow 
(based on the recession constant) of the 
last 6 years 

(Litt et al., 2015; Obradovic and 
Sklash, 1986; Pinder and Jones, 
1969) 

E1 Precipitation concentrations of the 
samples according to the time that they 
were taken during the rainfall-runoff 
event 

* 

E2 Event concentration corresponding to 
the cumulative incremental weighted 
mean of the precipitation samples 
taken during the event. 

(McDonnell et al., 1990) 

E3 Event concentration corresponding to 
the standard weighted mean of the 
precipitation samples taken during the 
event. 

(McDonnell et al., 1990) 

E4 Event concentration corresponding to 
the first precipitation sample taken 
during the event. 

* 

E5 Event concentration corresponding to 
the last precipitation sample taken 
during the event. 

(Bansah and Ali, 2017) 

E6 Event concentration corresponding to 
the precipitation sample taken at the 
peak of precipitation during the event. 

*  

* Codes without reference are the ones proposed by the authors of this study. 
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last precipitation sample taken during the event (E5; Bansah and Ali, 
2017), and (vi) the precipitation sample corresponding to the tracer 
concentration peak (E6). 

We also considered six Cp options, two based on antecedent rainfall 
conditions-related (PE1-PE2) and four base flow-related (PE3-PE6). PE1 
was equal to the concentration of the stream sample collected immedi-
ately before the rain event started while PE2 was the average of the three 
stream samples collected prior to the rain event. The base flow Cp def-
initions PE3 was defined as the average of the concentrations of stream 
samples collected at the flow below the Q35 (non-exceedance 35th 
percentile in the flow rate curve; Mosquera et al., 2015; Smakhtin, 2001) 
at the year of the event, whereas PE4 is the same as PE3 but using the 
concentrations from the last 6 years. PE5 was defined as the average 
concentrations from stream samples collected at base flow (i.e., based on 
the recession constant, mainly below 5th percentile of the non- 
exceedance flow rate curve) at the year of the event and PE6 is the 
same as PE5 but with the concentrations of the last 6 years. Base flow 
values were calculated using the WETSPRO(Willems, 2009). 

2.7. Statistical analysis 

We performed a Pearson linear correlation analysis among the hy-
drometric variables mentioned in section 2.4 at a significant level of 
0.05 (α = 0.05). 

A multiple pairwise comparison using the Nemenyi’s test (Hollander 
et al., 2013) at a significance level of 0.05 (α = 0.05) was carried out to 
compare the results obtained by using different samples representing Ce 
and Cp, different flow partitioning models (TCMM versus TARRM), and 

different tracers (δ18O versus EC), thus; a p-value lower than 0.05 means 
that the differences are significant. This procedure was carried out in 
three steps: (i) we compared the results obtained from the TCMM using 
different Ce and Cp combinations for each tracer (δ18O and EC) inde-
pendently; (ii) we compared the results obtained by the TCMM with the 
results obtained by the TARRM (i.e., TraSPAN model); and (iii) we 
compared the results yielded by δ18O and EC using the TCMM. 

3. Results 

3.1. Rainfall-runoff events characterization 

Thirty-seven rainstorm events were monitored during the study 
period. The events presented a wide range of magnitude 
(0.0016–0.1786 mm) and durations varying (10–104 h). Events lasting 
longer than 70 h (n = 3) generally produced low peak flow values. The 
rest of the events lasted less than 52 h regardless of their peak flow value 
(Table 2). Cumulative rainfall volume for the events ranged between 2.9 
and 26.2 mm, presenting a variable average rainfall intensity ranging 
between 0.1 (Event 1) and 0.8 mm/h (Event 26). Streamflow presented a 
cumulative volume ranging between 0.55 (Event 1) and 22.65 mm 
(Event 37), and the average event streamflow varied between 0.01 
(Event 1) and 0.76 mm/h (Event 37). The event’s runoff coefficient 
covered a wide range with a minimum value of 0.05 (Event 1) and a 
maximum value of 0.92 (Event 20). None of the evaluated variables 
were correlated with peak flow. 

Table 2 
Hydrometeorological characteristics and number of samples collected at the 37 rainfall-runoff events monitored in this study.  

Event 
code 

Duration 
(hour) 

Peak flow 
(mm) 

Cumulative 
rainfall (mm) 

Cumulative 
streamflow (mm) 

Average rainfall 
intensity (mm/hr) 

Average 
streamflow (mm/ 
hr) 

Runoff 
coefficient 

Number of Samples 

Streamflow Precipitation 

1  96.00  0.0016  10.3  0.55  0.1  0.006  0.05 17 3 
2  104.00  0.0022  13.9  1.00  0.1  0.010  0.07 15 4 
3  103.00  0.0027  12.8  1.28  0.1  0.012  0.10 26 4 
4  89.00  0.0031  15.2  1.57  0.1  0.018  0.10 15 6 
5  29.17  0.0133  5.9  2.74  0.2  0.094  0.46 25 4 
6  16.67  0.0134  6.7  2.05  0.4  0.123  0.31 15 5 
7  33.33  0.0136  6.9  3.47  0.2  0.104  0.50 17 2 
8  25.00  0.0139  5.2  2.41  0.2  0.096  0.46 3 2 
9  28.00  0.0150  6.0  2.12  0.2  0.076  0.35 5 2 
10  18.33  0.0160  9.1  1.88  0.5  0.103  0.21 5 2 
11  21.67  0.0177  8.7  2.37  0.4  0.109  0.27 16 4 
12  21.67  0.0182  6.1  3.21  0.2  0.148  0.53 5 3 
13  33.33  0.0182  11.0  3.50  0.3  0.105  0.32 7 2 
14  30.00  0.0185  8.8  4.35  0.3  0.145  0.49 6 4 
15  31.00  0.0186  10.5  4.16  0.3  0.134  0.40 6 6 
16  25.00  0.0199  8.6  1.97  0.3  0.079  0.23 7 3 
17  16.67  0.0205  2.9  2.58  0.1  0.155  0.88 5 2 
18  24.00  0.0205  8.1  2.83  0.3  0.118  0.35 6 2 
19  29.17  0.0222  8.3  3.28  0.2  0.112  0.39 9 6 
20  20.00  0.0247  3.4  3.20  0.1  0.160  0.92 20 2 
21  70.00  0.0271  16.6  7.97  0.2  0.114  0.48 18 6 
22  20.83  0.0282  10.2  3.33  0.4  0.160  0.33 6 2 
23  52.00  0.0336  8.9  6.37  0.1  0.123  0.72 12 3 
24  18.33  0.0410  9.4  4.44  0.5  0.242  0.47 6 3 
25  29.17  0.0458  12.1  5.85  0.4  0.201  0.48 8 4 
26  24.00  0.0472  21.4  3.73  0.8  0.155  0.17 4 6 
27  23.00  0.0479  13.6  3.75  0.5  0.163  0.27 5 4 
28  28.33  0.0499  9.0  6.89  0.3  0.243  0.77 7 4 
29  10.00  0.0502  7.3  3.77  0.7  0.377  0.52 7 5 
30  20.83  0.0527  8.3  5.44  0.4  0.261  0.65 18 5 
31  25.00  0.0608  12.4  7.05  0.5  0.282  0.57 7 3 
32  14.17  0.0664  11.4  6.77  0.8  0.478  0.59 9 9 
33  43.00  0.0859  21.5  11.07  0.5  0.257  0.51 4 9 
34  25.00  0.1150  16.0  14.13  0.6  0.565  0.88 7 3 
35  24.00  0.1216  12.3  9.51  0.5  0.396  0.77 5 5 
36  25.00  0.1324  15.7  8.52  0.6  0.341  0.54 5 5 
37  30.00  0.1786  26.2  22.65  0.8  0.755  0.86 8 5  
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3.2. High-resolution tracer monitoring 

Isotopic data monitored from October-2017 to June-2019 showed 
that δ18O rainfall concentrations presented an average of − 12.3 ‰ 
ranging between − 2.4 ‰ to − 27.9 ‰. The lowest isotopic values were 
observed during the most humid periods (April to June), whereas the 
highest values occurred in February and from June to October (Fig. 2a). 
Despite the large range of variation in the isotopic composition of 
rainfall during the study period (25.4 ‰), the variation at event scale 
was much smaller ranging from 3.5 ‰ to 0.8 ‰. Runoff δ18O concen-
trations showed an average of − 10.7 ‰ and ranged from − 7.6 ‰ to 
− 15.5 ‰ following a similar temporal variation than rainfall isotopic 
composition. 

EC in rainfall had an average of 8 μS/cm within a range of 20 μS/cm 
and 1 μS/cm during the study period. The highest values were generally 
observed in February, April, and May; while the lowest values were 
recorded in July and August (Fig. 2b). Similar to δ18O rainfall obser-
vations, the variability of rainfall EC during rainfall events was much 
smaller (2.5 +/- 1.2 μS/cm) than the variation found during the whole 
study period (19 +/- 10.4 μS/cm. EC in runoff averaged 34.6 μS/cm, 
ranging between 66.5 and 11.8 μS/cm, with the highest values observed 
from September to November and the lowest values during February and 
March. 

3.3. Flow partitioning using TCMM with different combinations of event 
and pre-event water tracer input data 

For each tracer (δ18O and EC) a total of 36 different combinations of 
event (Ce; E1 to E6) and pre-event (Cp; PE1 to PE6) tracer input data 

were used to perform the hydrograph separation using the TCMM for the 
37 monitored events. 

When using δ18O the medians of the pre-event water fractions were 
above 80 % for all the combinations (Fig. 3). The interquartile ranges of 
the pre-event water fractions varied between 82 and 100 % when using 
PE1 and PE2 regardless of the Ce value used, and were larger when using 
PE3, PE4, PE5, and PE6 (60–100 %). All Ce values (E1 to E6) yielded 
similar pre-event water fractions (median and interquartile range) for 
each Cp value (Fig. 3). These differences were lower than 5 % when 
using PE1 and PE2 (Fig. 3a and 3b) and higher than 5 % but lower than 
10 % for PE3, PE4, PE5, and PE6 (Fig. 3c, 3d, 3e, and 3f). In terms of 
minimum of the pre-event water fraction values, PE1 and PE2 showed a 
large variation depending on the Ce used, with differences higher than 
20 % among the six different Ce definitions (Fig. 3a and 3b). When using 
PE3, PE4, PE5, and PE6, the minimum values of pre-event water fraction 
were 0 % for all the combinations. The maximum values of pre-event 
water fraction were 100 % for all cases. All p-values of the statistical 
test were higher than 0.05 (Fig. 4), meaning that no significant differ-
ences were found between pre-event water fractions estimates when 
using different combinations of Cp and Ce values. 

When using EC as the tracer in the TCMM and regardless of the Ce 
value used, the medians of the pre-event water fractions fluctuated be-
tween 80 and 90 % for PE1 and PE2 (Fig. 5a and 5b), higher than 50 % 
but lower than 60 % for PE3 and PE4 (Fig. 5c and 5d), and around 45 % 
for PE5 and PE6 (Fig. 5e and 5f). Small differences (<5%) in the median 
and interquartile ranges of the pre-event water fractions were observed 
for different Ce values (E1, E2, E3, E4, E5, and E6) for each of the Cp 
values (PE1, PE2, PE3, PE4, PE5, and PE6; Fig. 5). When comparing the 
minimum values of pre-event water fraction, PE1 presented the lowest 
difference when using E1 and E2 as Ce; whereas models using PE3, PE4, 
PE5, and PE6 resulted in minimum values of pre-event water fraction 
close or equal to 0 % (Fig. 5). Maximum values of pre-event water 
fraction for all the combinations where around 100 %. In addition, p- 
values of the statistical test show that combinations including PE5 and 
PE6 present significant differences (i.e., p < 0.05) in relation to those 
using PE1, PE2, PE3 as Cp. 

3.4. Comparison of flow partitioning models of different complexity 

The Ce-Cp combinations in the TCMM presenting the most similar 
pre-event water fractions in comparison to TraSPAN (TARRM) results 
were PE1 with E1 and E2 when using δ18O. These combinations pre-
sented differences lower than 5 % for the maximum values and lower 
than 10 % for PE1-E1 and lower than 15 % for PE1-E2 when considering 
minimum pre-event water fraction values (Fig. 3a). Differences lower 
than 5 % were also observed for the interquartile ranges of the pre-event 
water fractions using the aforementioned combinations in relation to 
TrasPAN results (Fig. 3a). Other Ce-Cp combinations presented larger 
differences compared to TrasPAN, normally higher than 15 % for 
maximum, minimum, median, and interquartile ranges (Fig. 3b-3f) of 
the pre-event water fraction. It is worth noting that, although the PE1-E1 
and PE1-E2 combinations using the TCMM showed the lowest differ-
ences, all the δ18O Ce-Cp combinations showed no statistically significant 
differences in relation to TrasPAN (p > 0.05; Fig. 4). 

Similar results were obtained when using EC as tracer for flow par-
titioning. The combination of PE1 with E1 and E2 also showed the most 
similar pre-event water fractions as compared to TraSPAN. Differences 
in maximum, minimum, median and interquartile ranges of the pre- 
event water fraction were lower than 10 % using these combinations 
(Fig. 5a). The combination of PE1 with the rest of the Ce values (i.e., E3, 
E4, E5, and E6) and of PE2 with all Ce values (E1-E6) were higher than 
10 % for the minimum pre-event water fractions, but lower than 10 % 
for the maximum and interquartile ranges of the pre-event water frac-
tion. Differences larger than 10 % for all of the pre-event water fraction 
pre-event water fraction percentiles were observed for any combination 
of PE3, PE4, PE5, and PE6 regardless of the Ce value used (Fig. 5c-5f). 

Fig. 2. Time series of the sub-daily a) isotopic composition of δ18O and b) 
electrical conductivity (EC) in rainfall (red line) and streamflow (black dotted 
line), c) daily rainfall, and d) daily streamflow at the Zhurucay Ecohydrological 
Observatory during the period October 2017-June 2019. Red dots in d) indicate 
the 37 rainfall-runoff events monitored and used for hydrograph separation in 
this study. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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Fig. 3. Pre-event water fractions estimated with TraSPAN and the mixing model (MM) using the isotopic composition of δ18O as tracer and considering different 
combinations of event (E1, E2, E3, E4, E5, and E6; see Table 1) and pre-event water samples: a) PE1, b) PE2, c) PE3, d) PE4, e) PE5, and f) PE6 (see Table 1). Filled 
boxplots indicate statistically significant differences (p < 0.05) between the results yielded by TraSPAN and the mixing model with different event and pre-event 
input data according to the Nemenyi’s test. 
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Statistically significant differences were observed between the TCMM 
and TraSPAN using EC for all Ce-Cp combinations when using PE5 and 
PE6 (Fig. 6). 

3.5. Comparison of flow partitioning modelling results using 18O and EC 

The TraSPAN model yielded similar pre-event water fractions (dif-
ferences lower than 20 %) for the 37 monitored events regardless of the 
tracer used for model calibration (δ18O and EC; Fig. 7). Similar results 
were observed when using the TCMM for combinations of PE1 with E1 
and E2 (Fig. 7a). Differences for PE1 combinations with the other Ce 
values (i.e., E3 to E6) and the combination of PE2 with all Ce values (E1 
to E6) were small (<20 %) for the pre-event water fraction interquartile 
ranges, but higher than 20 % for the maximum and minimum pre-event 
water fractions (Fig. 7a-7b). Differences between the results yielded by 
both tracers were higher for PE3, PE4, PE5, and PE6 regardless of the Ce 
values used (Fig. 7c-7f). Comparison of the pre-event water fractions 
using both tracers for all Ce-Cp combinations with PE1, PE2, PE3, and 
PE4 showed no statistically significant differences (p > 0.05; Fig. 8), 
whereas statistically significant differences were observed when using 
PE5 and PE6 regardless of the Ce value used. Uncertainty estimations for 
pre-event water fractions for the 37 rainfall-runoff events ranged from 3 
% to 22 % when using δ18O, and from 2 % to 20 % when using EC. 
Higher values of uncertainty were observed in few events mainly during 
peak flow (Fig. S2); however; uncertainty generally overlapped during 
those hydrological conditions. 

4. Discussion 

4.1. Influence of event and pre-event tracer input data on flow 
partitioning 

The high-resolution tracer monitoring network implemented at the 
ZEO allowed the evaluation of two flow partitioning models (TraSPAN 
and TCMM) using δ18O and EC collected during 37 rainfall-runoff 
events. The events showed a flashy runoff response to rainfall 

distinctive of the humid páramo (Mosquera et al., 2015), in which pre- 
event water fraction dominates streamflow generation (Lazo et al., 
2023) via dominant subsurface flow paths (Mosquera et al., 2012; 
Mosquera et al., 2016a). The weak correlation between the hydrometric 
characteristics of the events and their peak flow suggests that the latter 
does not depend on event duration, rainfall amount or intensity. 

Regarding the Ce concentration in hydrograph separation research, 
the average value of rainfall samples has been one of the most common 
Ce values used in hydrograph separation studies (Klaus and McDonnell, 
2013). This, although McDonnell et al. (1990) and Fischer et al. (2017) 
recommended the use of weighting methods to account for the temporal 
variation of rainfall amount over the course of a rainstorm. As a result, 
other studies have considered different Ce alternatives that account for 
intra-event variation in rainfall amount and tracer signals (e.g., Brown 
et al., 1999; Kiewiet et al., 2020; Kim et al., 2017; Litt et al., 2015; 
McGlynn and McDonnell, 2003; Ogunkoya and Jenkins, 1993; Penna 
et al., 2015). However, comparative analyses of different Ce alternatives 
are seldom. 

Considering the wide range of hydrometeorological conditions 
across the events monitored at our study site (Table 2), Ce showed no 
major impact on the estimation of event and pre-event water fractions 
when using δ18O or EC (Figs. 3 and 5). Cayuela et al. (2019) also found 
no significant differences when considering a single sample or a 
sequential sampling strategy for rainfall concentrations. This effect 
likely result from the low intra-event variation in the precipitation iso-
topic composition found during the 37 monitored events. Other studies 
in Germany and Sweden also reported a small intra-event variability in 
rainfall isotopic composition (e.g., Orlowski et al., 2016; Rodhe, 1987). 
The low intra-event variation at the study site could be attributed to a 
low rainfall amount effect or that there is little to no difference in the 
source of atmospheric moisture forming local rainfall at event scale (e. 
g., Crawford et al., 2013; Delavau et al., 2017; Gou et al., 2018; Krklec 
et al., 2018). This low intra-event variation is key when applying the 
TCMM, since it complies with model assumption that Ce remains con-
stant over the monitored period (Klaus and McDonnell, 2013); whereas 
high intra-event variation could increase the uncertainty in hydrograph 
separation results. Even though the use of bulk rainfall samples could 
fail to reflect the tracer variability in comparison to higher sampling 
frequency (Von Freyberg et al., 2017), this is not the case for the ZEO 
where flow partitioning results were very similar regardless of the event 
water sample considered. 

On the contrary, Cp values showed great influence on the event and 
pre-event water fractions estimated using δ18O or EC. When Cp corre-
sponded to stream water samples collected before each of the events 
(PE1 and PE2, Table S2), the variation of the results was very small. This 
Cp signal has been frequently used in hydrograph separation studies (e. 
g., Bonell et al., 1990; McDonnell et al., 1990; Pellerin et al., 2008b; 
Sklash and Farvolden, 1979; von Freyberg et al., 2018; Von Freyberg 
et al., 2017) assuming that stream water collected prior to the events is 
representative of catchment water storage. This finding suggests that the 
tracers’ concentrations of the water stored at the catchment could 
change from one event to another. This is also in accordance with the 
Montecarlo approach to estimate Cp in TraSPAN, in which the Cp values 
that yielded the best results were similar to the PE1 concentrations for 
all events (Fig. 9). This fingding suggests that for each event specific 
values of Cp need to be considered for hydrograph separation at our 
study site, which could result from variable water mixing occurring at 
the riparian wetlands due to the constant precipitation input (Lazo et al., 
2019). Greater differences were identified when Cp was related to the 
catchment baseflow or low flow averages at yearly to multi-yearly time 
scales (PE3, PE4, PE5, and PE6) which have been used in other studies 
(e.g., Bansah and Ali, 2017; Cano-Paoli et al., 2019; Litt et al., 2015; 
Obradovic and Sklash, 1986; Onda et al., 2006; Pinder and Jones, 1969; 
Saraiva Okello et al., 2018). This agrees with the study presented by 
Kiewiet et al. (2020) in a Swiss headwater catchment with a pre- alpine 
climate, where baseflow did not reflect the catchment average pre-event 

Fig. 4. P-values of the nemenyi’s test carried out to compare flow partitioning 
results yielded by traspan and the mixing model using different combinations of 
event (e1 to e6) and pre-event water samples (pe1 to pe6) when the isotopic 
composition of δ18O is used as tracer. The scale color represents p-values 
ranging from 0 to 1, where red color means p = 0, white p = 0.05, and blue p =
1, with p < 0.05 indicating statistically significant differences. (For interpre-
tation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 
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Fig. 5. Pre-event water fractions estimated with TraSPAN and the mixing model (MM) using electrical conductivity as tracer and considering different combinations 
of event (E1, E2, E3, E4, E5, and E6; see Table 1) and pre-event water samples: a) PE1, b) PE2, c) PE3, d) PE4, e) PE5, and f) PE6. Filled boxplots indicate statistically 
significant differences (p < 0.05) between the results yielded by TraSPAN and the mixing model with different event and pre-event input data according to the 
Nemenyi’s test. 
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concentration adequately. This can be attributed to the fact that not all 
parts of the catchment are hydrologically connected to the stream dur-
ing baseflow conditions (e.g., Jencso et al., 2010; Jencso and McGlynn, 
2011), and that contributions from different storages change with the 
expansion of the contributing area and connection of different source 
areas (Rinderer et al., 2019). These effects have been observed at the 
ZEO where contributing areas increase as riparian wetlands hydrologi-
cally connect to surrounding hillslopes during rainfall events (Correa 
et al., 2019) depending on antecedent wetness conditions and the 
amount of precipitation. Similar to our findings, Bansah and Ali (2017) 
reported that the least accurate Cp definition corresponded to ground-
water that is mostly associated with baseflow conditions across 8 nested 
watersheds in a semiarid Prairie landscape. Therefore, for these systems 
Cp must be determined for each event based on samples collected prior 
to the beginning of each event. Future studies in the humid páramo 
cannot assume that Cp can be represented as constant based on average 
values from samples collected during baseflow or low flow. 

4.2. Comparison of models of different complexity in flow partitioning 
modelling results 

The comparison of the flow partitioning modelling results between 
the TCMM and the TraSPAN showed very similar event and pre-event 
water fractions when using PE1 and PE2 regardless of the Ce used for 
both δ18O or EC, contrary to the results from PE3, PE4, PE5, and PE6. 
The similarity of the results between both models, particularly when 
using PE1, likely results from biophysical conditions of the ZEO in which 
the presence of riparian wetlands favors the efficient mixing of tracers in 
the subsurface (Lazo et al., 2023, 2019; Mosquera et al., 2016a). This 
agrees with the study of Wen et al. (2021) which favors the simple model 
when comparing two rainfall-runoff models of different complexity 
(Flux-PIHM and a simple model with two homogeneous well-mixed 
grids). The authors found that the simple model yielded strong estima-
tions of streamflow under storm conditions in a forested catchment in 
Pennsylvania (USA). In terms of event and pre-event water fraction 

estimation during rainfall-runoff events, our findings indicate that 
models of different complexity could yield similar results when the input 
tracer concentrations are adequately selected. This clearly shows that 
the TCMM is still a powerful tool to gain insights into catchment hy-
drological behavior in the humid páramo despite its simplicity. 

4.3. Comparison of flow partitioning modelling results using 18O and EC 

EC has been shown to behave as a non-conservative tracer in several 
hydrograph separation studies (e.g., Blume et al., 2008; Hayashi et al., 
2012; Obradovic and Sklash, 1986; Pearce et al., 1986; Penna et al., 
2015). This behavior has been attributed to dilution of pre-event water 
contributions over the course of the events (Litt et al., 2015), to the 
spatial variability of the contributing water flow paths over time (Hoeg 
et al., 2000), and/or to differences in the depth of subsurface dominant 
water flow pathways (Fischer et al., 2017). As a result, the information 
provided by EC regarding stormflow generation can differ from that 
yielded by conservative tracers (Klaus and McDonnell, 2013). 

Despite the potential constraints of using EC in tracer-aided hydro-
logical studies, other investigations have reported similar flow parti-
tioning modelling results using EC and δ18O in catchments with different 
hydrometeorological and biophysical characteristics (e.g., Camacho 
Suarez et al., 2015; Laudon and Slaymaker, 1997; Meriano et al., 2011; 
Mosquera et al., 2018). It is however worth highlighting that previous 
investigation has carried out comparisons between these tracers using 
datasets with limited representability of hydrological conditions (i.e., a 
single to a few rainstorm events). The remarkable similarity of event and 
pre-event water fractions obtained using δ18O and EC through the 
simpler TCMM during 37 rainfall-runoff events spanning a wide range of 
hydrometeorological conditions suggest a quasi-conservative behavior 
of EC at the study area. 

The quasi-conservative behavior of EC at the ZEO likely results from 
the biophysical characteristics of the catchment. That is, efficient mixing 
of water in the relatively thin (1–2 m depth) riparian wetland soils (i.e., 
peat-type Histosols) possessing a high porosity and water holding ca-
pacity (Quichimbo et al., 2012), with virtually negligible deep ground-
water contributions due to the very low permeability of the underlying 
bedrock (Pesántez et al., 2023). As a result, the riparian wetland soils 
represent the main water storage (Lazo et al., 2019) and source of water 
contributing to streamflow generation year-round (Correa et al., 2017; 
Mosquera et al., 2016a). The soil hydrological behavior in combination 
with sustained inputs of low intensity precipitation in turn is likely to 
diminish the spatial and temporal variation of EC due to internal 
catchment hydrochemical processes, explaining the quasi-conservative 
behavior of this tracer at the ZEO (Mosquera et al., 2016b). 

Methodologically, this effect contributes the hydrological system to 
accomplish one of the key TCMM assumptions regarding the contribu-
tion of the pre-event (or subsurface) water end-member to flow parti-
tioning: “Contributions from the vadose zone must be negligible, or the 
isotopic signature of the soil water must be similar to that of ground-
water.”(Klaus and McDonnell, 2013). At the ZEO, the pre-event water 
component is almost exclusively composed of subsurface water stored in 
the well-mixed riparian wetland soil water reservoir, which represents 
80–100 % of total flow during the monitored events (Figs. 3 and 5). In 
addition, the similarity in pre-event water fractions was generally 
observed throughout the whole duration of the rainfall-runoff events (i. 
e., rising limb, peak, and falling limb; Fig S2.) with some exceptions at 
peak flow. These findings partially agree with those reported by Wang 
et al. (2019) who determined that the best time to collect stream water 
samples for tracer-aided hydrograph separation analysis was before the 
storm and at the recession limb. Complementarily, the use of EC yielded 
a reduced uncertainty for determining event and pre-event water frac-
tions due to the smaller relative uncertainty in the analytical measure-
ment of this tracer compared to δ18O should a correct selection of the Ce 
and Cp source concentrations was achieved as demonstrated in our an-
alyses, where higher uncertainties are observed mostly at peak flows. 

Fig. 6. P-values of the nemenyi’s test carried out to compare flow partitioning 
results yielded by traspan and the mixing model using different combinations of 
event (e1 to e6) and pre-event water samples (pe1 to pe6) when electrical 
conductivity is used as tracer. the scale color represents p-values ranging from 
0 to 1, in which red color means p = 0, white p = 0.05, and blue p = 1, with p 
< 0.05 indicating statistically significant differences. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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Fig. 7. Differences in pre-event water fractions estimated using different tracer (i.e., the isotopic composition, δ18O and electrical conductivity, EC) with TraSPAN 
and the mixing model (MM) and considering different combinations of event (E1, E2, E3, E4, E5, and E6) and pre-event water samples: a) PE1, b) PE2, c) PE3, d) PE4, 
e) PE5, and f) PE6. Filled boxplots indicate statistically significant differences (p < 0.05) between the results yielded by δ18O and EC according to the Nemenyi’s test. 
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These could be attributed to the fact that at peak flows systems often 
have a non-linear behavior which could amplify the uncertainties. 

Overall, our findings encourage the use of EC as a surrogate of δ18O 
to estimate the event and pre-event components of streamflow at the 
ZEO to take advantage of its benefits including ease of measurement at 
high temporal frequency and low operational and maintenance moni-
toring cost (Cano-Paoli et al., 2019). These findings agree with past 
investigations in which similar results have been obtained in catchments 
with certain biophysical characteristics in which EC has been shown to 
behave conservatively (Bansah et al., 2019). Regionally, it has been 
demonstrated that the hydrological behavior of the ZEO is representa-
tive of páramo catchments in south Ecuador in which topographical, 
vegetation, soil, and geological conditions are similar (Mosquera et al., 
2023; Ramón et al., 2021). We also expect that based on our findings the 
use of EC in hydrograph separation studies could be further extended to 
regions with biophysical conditions similar to those of the high-Andean 
páramo, i.e., where hydrological behavior is dominated by peat-type 
riparian soils with little to no contributions of deep groundwater flow 
to total streamflow (e.g., the Scottish highlands; Geris et al., 2017, 2015; 
Tetzlaff et al., 2014). 

Nevertheless, our work highlights that the appropriate character-
ization of Cp is crucial to obtain reliable flow partitioning results using 
EC in such environments. The continuous monitoring of EC at high 
temporal frequency and at low cost will increase the availability of data 
to adequately assess Cp, replacing the isotopic high-resolution moni-
toring that is uncommon to achieve and maintain over long periods of 
time. These benefits in turn, can allow the use of tracer-aided hydro-
logical information for water management and the identification of 
long-term changes in hydrological conditions as a result of changes in 
land use and climate as they permit the continuous monitoring of stream 
water tracer data at high temporal frequency. 

5. Conclusions 

This study highlights the need to appropriately assess the selection of 

event and pre-event water samples in hydrograph separation analyses 
using stable isotopes (δ18O) and electrical conductivity (EC). Our find-
ings for 37 rainfall-runoff events presenting different hydrometeoro-
logical conditions in the humid Andes páramo shows that the selection 
of event and pre-event water samples must be specific for each event 
analyzed regarding of the tracer used. The tracer signal of a stream water 
sample collected prior to the beginning of each event was identified as 
the most representative of the pre-event water signal. This finding 
clearly suggests that the use of a single value (e.g., the average of 
baseflow or low flow during yearly of semi-yearly periods) for all the 
events should be avoided to obtain reliable hydrograph separation re-
sults in the study region. We also found that the temporal variability of 
event water tracer signals has little to no influence on flow partitioning 
results mainly because of the small intra-event variation of the rainfall 
tracer concentration. Our findings indicate that a single sample collected 
during each event is sufficient to provide robust hydrograph separation 
results regardless of the tracer used. Overall, these findings remark the 
importance of focusing high-resolution sampling efforts to stream water 
for determining the pre-event water concentration for hydrograph 
separation. 

The comparison of hydrograph separation models of different 
complexity, namely a two-component mixing model (TCMM; low 
mathematical complexity) and a tracer-aided hydrological model 
(TAHM; high mathematical and computational complexity), showed 
that both models estimate similar event and pre-event water fractions 
for all events regardless of the tracer used. Thus, the use of a simple 
mixing model in the humid páramo improves the understanding of 
rainfall-runoff catchment response while reducing the computational 
time and resources allocated in modeling. In addition, the fact that EC 
yields similar results than δ18O using both models facilitate the collec-
tion of stream water samples at high temporal frequency (sub-hourly) to 
be used in hydrograph separation studies in the humid páramo in order 
to appropriately select the pre-event water signal. The combination of a 
simple mathematical framework (TCMM) and high-resolution tracer 
sampling (EC) not only allows to lower the logistical and economical 
resources needed to adequately assess hydrograph separation, but also 
sheds light on a unique opportunity to carry out quasi-continuous as-
sessments of flow partitioning with high accuracy in high-Andean 
catchments that generally remain poorly gauged to ungauged in the 
region. This opportunity is highly valuable to progress the understand-
ing of catchment hydrology in the region to support water management 
of humid páramo catchments. 
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Fig. 8. P-values of the nemenyi’s test carried out to compare flow partitioning 
results yielded by the isotopic composition of δ18O and electrical conductivity 
(EC) using TraSPAN and the mixing model with different combinations of event 
(E1 to E6) and pre-event water samples (PE1 to PE6). The scale color represents 
p-values ranging from 0 to 1, in which red color means p = 0, white p = 0.05, 
and blue p = 1, with p < 0.05 indicating statistically significant differences. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

P.X. Lazo et al.                                                                                                                                                                                                                                  



Journal of Hydrology 639 (2024) 131632

13

Fig. 9. Comparison of the δ18O (a and b) and electrical conductivity (EC; c and d) pre-event and event water samples used for flow partitioning with TraSPAN (red 
dots) and the mixing model that yielded the best results (i.e., using PE1 as pre-event water sample) for all monitored events. Note the wide range of pre-event tracer 
concentrations observed during the monitored events (gray shaded area in a and c). (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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Célleri, R., Crespo, P., Esquivel-Hernández, G., Feyen, J., Manosalvas, R., Marín, F., 
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Mosquera, G.M., Lazo, P.X., Célleri, R., Wilcox, B.P., Crespo, P., 2015. Runoff from 
tropical alpine grasslands increases with areal extent of wetlands. Catena 125, 
120–128. https://doi.org/10.1016/j.catena.2014.10.010. 
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