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Highlights
e Groundwater contributes 12.3% to the annual streamflow in the paramo.

e During dry periods, groundwater, groundwater-fed Histosols, and springs sustain
~74% of streamflow.

e Groundwater in Andean paramo annually contributes ~20% to Histosols and
springs recharge.

e Histosols in the Andean paramo can be functionally classified into groundwater-
fed and rain-fed.

Abstract

The Andean paramo is a critical ecosystem for regional downstream water supply.
However, understanding the often neglected role of groundwater in the paramo is
challenging due to measurement constraints at depth in the rock. Drilling monitoring
wells, collecting samples, and analyzing water and rock samples often require substantial
economic resources. This study examines the connectivity between groundwater and
surface water by integrating hydrometric and hydrochemical measurements from
measured sources into a Bayesian mixing model. Results reveal that groundwater flows
through bedrock fractures, contributing up to 12% of the total annual streamflow.
Additionally, in terms of the contribution of groundwater to other hydrological units,
groundwater makes 16—41% of the water in springs and 37-62% in Histosols during our
study period. We also found that Histosols can be differentiated into groundwater-fed,
receiving water from below 20 meters, and rainfall-fed, receiving contributions from
hillslope flow. Groundwater is crucial in regulating baseflow in the study catchment,
accounting for up to 12.3% of streamflow at the catchment outlet via direct contribution

during dry periods. Groundwater also sustains groundwater-fed Histosols and springs
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during dry periods, accounting for up to 62% and 41% of their total water mixture.
Considering the contribution of groundwater-fed Histosols and springs to streamflow
during dry periods, the total contribution of groundwater to streamflow results in 49.8%.
Due to critically sustained baseflow during dry periods, a holistic understanding of the
hydrological system, which includes both deep and shallow groundwater, is necessary to
address the increasing water scarcity, prolonged droughts, and changing

precipitation patterns.

Keywords: Groundwater, Streamflow generation, Bayesian hierarchical mixing model,

water sources, MixSIAR.
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1. INTRODUCTION

Mountains are crucial for the global water supply system (Somers & McKenzie, 2020).
This importance is increasing over time, with estimations suggesting that by 2050, 1.5
billion people will depend on the water generated by high mountains (Viviroli et al.,
2020). A clear example is the cities and communities in the Tropical Andes, which rely
on water from the top of the mountains for most of their production and daily activities,
including irrigation, drinking water, and hydropower generation, among others
(Mosquera et al., 2023). One particularly vital ecosystem within these mountainous
regions is the paramo, which regulates the water supply, maintaining a constant and
reliable water supply even during extended dry periods (Buytaert et al., 2006; Celleri &
Feyen, 2009; R. Hofstede & Llambi, 2020). Although the hydrology of the paramo has
been extensively studied and described as a primarily superficial system (Correa et al.,
2019; Crespo et al., 2010; Mosquera, Célleri, et al., 2016; Mosquera et al., 2020, 2023;
Pesantez et al., 2023), a thorough groundwater characterization and description are
missing due to the scarcity of data, such as groundwater levels, hydraulic conductivity, or
hydrochemical signals from different depths in the bedrock (Manning & Solomon, 2005).
However, a complete groundwater characterization is needed to understand the complex
interactions occurring through the Critical Zone, since the heterogeneous, near-surface
environment in which complex interactions involving rock, soil, water, air, and living
organisms govern the availability and quality of freshwater (Giardino & Houser, 2015).
Globally, research on the Critical Zone has revealed the importance of linking surface and
subsurface processes to understand hydrological responses fully, but this remains a major
scientific challenge due to the vertical and horizontal heterogeneity of the subsurface and
the difficulty in accessing and monitoring deep flow paths (Anderson et al., 2007,
Brantley et al., 2017). The lack of data has led to fundamental questions regarding the
depth from which groundwater flows to the surface and how it interacts and connects with

the surface.

Assessing groundwater and surface water (GW-SW) connectivity is a complex process,
ideally requiring multiple techniques (Brodie et al., 2007; Somers & McKenzie, 2020).
The techniques include direct hydrometric measurements (e.g., Piezometric level
variations), indirect methods (e.g., water budgets, hydrograph separation), geological
studies on hydrogeology, and analyses of water properties such as stream temperature or

geochemical tracers (Brodie et al., 2007; Lewandowski et al., 2020; Somers & McKenzie,
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2020). The utilization of geochemical tracers in recent years has helped overcome the
challenges of obtaining data on groundwater characteristics, particularly in remote areas
such as the paramo (Correa et al., 2017, 2019; Land et al., 2000; Manning & Solomon,
2005; Pesantez et al., 2023). Studies have suggested that shallow groundwater (up to 20
m depth) is crucial for streamflow generation in paramo catchments, due to springs, used
as representatives of groundwater, identified as one of the primary sources for the
generation of discharge, especially during drier periods (Correa et al., 2017; Ramoén et al.,
2021). Further investigations in the paramos have revealed that shallow groundwater
plays a crucial role in maintaining baseflow during rain-free periods, thereby increasing
its importance in the paramo catchment water budget (Pesantez et al., 2023). In glacial
paramo catchments, the streamflow is composed of 31% of water from precipitation, 29%
glacial water, 20% from groundwater, and 20% from soils (Favier et al., 2008; Lahuatte
et al., 2022; Ochoa-Tocachi et al., 2016; Saberi et al., 2019). In contrast, in non-glacial
paramo catchments under low flow conditions, the streamflow is composed of 34% water
from Histosols, 31% from springs, 22% from rainfall, and 13% from Andosols (Correa et
al., 2017; Ramon et al., 2021). However, no studies have looked at the origin or flow
paths of the spring water or the shallow rock groundwater, nor whether there is a

contribution of deep rock groundwater (below 20 m depth).

Here, we therefore assess uncertainties about the groundwater connection with the surface
in the paramo ecosystem using a unique set of groundwater samples from multiple depths
(from 2 m to 231 m depth) and sources (rainfall, soils, and springs). We pursued two
specific objectives: 1) Quantify the changes in the connectivity between water sources
under different hydrometeorological conditions, ii) conceptualize the role of groundwater

in streamflow generation and regulation in Andean paramo catchments.

This research can shed light on the often-overlooked role of particularly deeper
groundwater and contribute to global efforts in climate resilience and water security, in
regions where water scarcity and drought impacts are increasing (Clarke et al., 2024;

Turkewitz et al., 2024).

2. MATERIALS & METHODS

2.1 Study Site

The study was conducted in the Quinahuaycu catchment, a pAramo headwater catchment
located on the eastern flank of the Andes, in southern Ecuador, which is part of the

Amazonas River basin (Figure 1). The catchment has an area of 6.88 km? and is located
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2 km from the Zhurucay Ecohydrological Observatory, one of the most intensively
studied paramo catchments since 2011 (Mosquera et al., 2023). The total annual
precipitation during the study period (from June 2022 to June 2023) was 1200 mm, and
the average temperature was 7°C at 3500 m a.s.l. Geologically, the catchment comprises
the Quimsacocha formation, which includes basaltic flows with plagioclase, feldspars,
and andesitic pyroclastic material, as well as small patches of glacial deposits, mainly
composed of moraines (Figure 1d). The average hydraulic conductivity (K) of the
catchment is 4.0 x 10-7 ms™ £3.68 x 107 ms™!; these values are highly variable depending
on the measurement site due to the presence of faults and varying lithology (Figure Ic)
(ITASCA Denver, Inc., 2018). The dominant soils in the area are Andosols and Histosols,
which result from the accumulation of volcanic ash and organic matter, a process
enhanced by the humid, cold climate and low atmospheric pressure. Both soils have a
high organic matter content, 310 g kg™! for Andosols and 440 g kg™! for Histosols (R.
Hofstede et al., 2023; Quichimbo et al., 2012). Histosols are found in areas with saturated
conditions, such as valley bottoms, flat areas, and riparian zones, often forming Andean
wetlands covered by shrubs and cushion plants (Plantago sp., Valerian sp., and Gentiana
sp.). This cover accounts for 36% of the catchment's total area. The remaining 64% are
Andosols located on the hillslopes that favor the growth of tussock grass species

(Calamagrostis spp. and Festuca spp.) (Figure 1b).
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Figure 1. a) Location of study site within Ecuador b) Complete view of the Quinahuaycu
catchment with sampling points, and location of hydrometric stations,; c) Zoom on the
location of the sampling sites within the catchment; d) Vegetation coverage in the study
catchment with soil water sampling sites, e) Lithology in the study catchment with
groundwater and springs sampling sites; f) Geological structures in the study catchment,
including the geological faults identified and groundwater and springs sampling sites.

2.1 Hydrometric Data Collection
Rainfall measurements were obtained using a Texas Electronics tipping-bucket rain gauge
(TR-525 M, Dallas, TX, USA) with a resolution of 0.1 mm and an accuracy of £1%. The

rainfall station was strategically located in the mid-upper part of the catchment. The main
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river was monitored for stream water level measurements. The measurements were
recorded every 15 minutes using a Xylem Analytics Water Level Logger (WLI16,
Weilheim, Germany) installed in a combined rectangular v-notch weir. The Water Level
Logger had an accuracy of £0.2%, and the Kindsvater Shen equation was employed to
transform the level data into flow rates. Four wells were used to measure piezometric
levels; each well was equipped with a piezometer (VW2106, Maple Ridge, BC, Canada);
the piezometers have up to three transducers installed that record the water level every 5
minutes with an accuracy of +0.1%, the total depth below surface of each well and the
depth where the transducers were installed can be seen in table 1.

Table 1. Total drilling depth of each piezometer equipped with transducers and depth of
installation of each transducer per piezometer

Piezometer 1D Total depth Transducer

(m) depth (m)

Piezometer #1 84.5
220.7 128

183

Piezometer #2 144
2133 184

Piezometer #3 67.5
231.3 105

150

Piezometer #4 208.79 110

2.3 Water Sampling and Laboratory Analysis

The monitoring sites are presented in Figure la and 1b and were selected to cover the
primary sources of water that reach the stream at the outlet. Twenty-seven sampling points
representing the primary streamflow sources (end members) and streamflow (mixture)
were monitored from June 2022 to June 2023. The primary sources include rainfall, soil
water, spring water, soil water (Histosols), and groundwater at 2.2 m, 15.24 m, 22.86 m,

60.85 m, and 231.04 m depth.

Rainfall, soil water, springs, and stream water were sampled every 7 days; meanwhile,
groundwater was sampled every 15 days. Rainwater samples (RF) were collected in 1000
ml high-density polyethylene (HDPE) bottles for metal analysis and in 1000 ml glass
bottles for isotopic analysis. Circular funnels with a diameter of 16 cm were connected to
the bottles, and plastic spheres were placed inside the funnels to prevent contamination
and evaporation. The bottles were wrapped in aluminum foil to minimize radiation

effects. In glass bottles, a layer of 0.5 cm of mineral oil was placed on top of the collected
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water to prevent fractionation effects prior to isotope analysis. The bottles were rinsed
with ultra-purified water (Resistivity > 18.18 MQ cm) before every sampling and were

replaced at every sampling.

Soil water samples (Histosols) were collected at a depth of 70 cm using monitoring wells
constructed from PVC pipes with a diameter of 10 cm, fitted with a filter composed of
gravel and a permeable textile to prevent sedimentation. The wells were washed the day
before sampling using a manual pump to avoid a mixture of different sources and ensure

the collection of water from the soil.

Stream water (AS) and spring water (SW) were collected directly on site. The
groundwater samples were collected in constructed wells at 5 points. The wells consist of
a PVC pipe with perforations on the last segment connected to an open borehole without
a filter pack. The perforated section was sealed from the rest of the borehole with
bentonite to prevent leaks from other layers. A bailer ensured the collection of water from
the depth needed. Each bailer was washed with deionized (DI) water after every sampling

day.

Stable water isotopes samples were filtered using 0.45 pm polypropylene filters and
stored in 2 ml amber glass bottles with screw caps with silicone septa; the bottles were
covered with parafilm to prevent leakage and stored away from sunlight to prevent

1sotopic fractionation and evaporation (Willem, 2000).

The samples for element analysis were filtered using 0.45 um polypropylene filters and
collected in 100 mL high-density polyethylene (HDPE) bottles that were thoroughly
washed with ultra-purified nitric acid (HNO3) using acid-washing equipment
(traceClean, Milestone, USA) prior to use. The samples were acidified with ultra-purified
nitric acid (pH < 2) on the same day of sampling to prevent trace metal precipitation and

adsorption.

In-situ measurements of electric conductivity (EC) were conducted using a WTW probe
(WTW -IDS digital conductivity cells TetraCon® 925 for universal applications,
Weilheim, Germany) with the multiparametric equipment WTW (Multi-parameter

portable meter MultiLine® Multi 3630 IDS, Weilheim, Germany) and an Aqua TROLL
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probe (Aqua TROLL 600 Multiparameter Probe, Fort Collins, CO, USA) at the moment

of sampling.

For the determination of the concentration of 43 solutes (Na, Ca, K, Mg, As, B, Ba, Cd,
Ce, Cr, Cu, Dy, Er, Fe, Gd, La, Pb, Rb, Sm, Sr, V, Yb, Ag, Al, Be, Co, Cs, Eu, Ga, Lu,
Mn, Nd, Ni, P, Pr, S, Se, Th, Tl, Tm, U, Zn and Ho) we used Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) technique (Perkin Elmer NexION 350X, MA, USA) at the
Water and Soil Laboratory of the Department of Water Resources and Environmental
Sciences of the University of Cuenca. Two calibration curves were used with a dilution
of standards certified by ISO (ISO 9001, Inorganic Ventures standards, VA, USA) to
secure the quality of the measurements (seven dilutions of standards for the low
concentration curve of calibration, and six dilutions of standards for the high
concentration curve of calibration). The low concentration curve was used to determine
As, B, Ba, Cd, Ce, Cr, Cu, Dy, Er, Fe, Gd, La, Pb, Rb, Sm, Sr, V, Yb, Ag, Al, Be, Co, Cs,
Eu, Ga, Lu, Mn, Nd, Ni, P, Pr, S, Se, Th, Tl, Tm, U, Zn and Ho. The high concentration
curve was used to determine Ca, K, Mg, and Na because these analytes had much higher
concentrations (from 100 to 10000 times higher concentration than the solutes analyzed
by the low concentration curve). The reported results correspond to the average of three

consecutive measurements for each sample analyzed.

The determination of the abundance of stable isotopes of water was conducted using a
L2130-1 cavity ring-down spectrometer (Picarro Inc., Santa Clara, CA, USA) at the Water
and Soil Laboratory of the Department of Water Resources and Environmental Sciences
of the University of Cuenca. Three secondary reference standards were used, ZERO
(62H=0.3+0.2%0. 6180=1.8+0.9%0), MID (62H=-20.6%0.2%0. 6180=-159.0+1.3%o), and
DEPL (62H=-29.34+0.2%0. 6 180=-235.0£1.8%0). Three of the six sample injections were
discarded by the manufacturer’s recommendation to reduce memory issues. On the
injections remaining, the calculated maximum 6180 and 62H differences were compared
with the analytical precision given by the manufacturer and the standard deviation from
the isotopic standards used on the analysis, and if there were differences larger than the
latter values, the sample was reanalyzed. Three standards were used for every fifteen
samples. ZERO and DEPL standards were used to normalize the results to the VSMOW-
SLAP (Vienna Standard Mean Ocean Water—Standard Light Antarctic Precipitation)

scale. MID was used as a quality control and drift control standard.

2.4 Estimation of contributions to mixtures from potential sources

9
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2.4.1 Selection of Tracers and Analyses of Sources

From the list of 43 elements analyzed, we selected Na, Mg, Fe, Al, Co, Ca, and Gd as
conservative tracers. For the determination of conservative behavior, we identified and
removed outliers, as well as elements that showed collinearity in the stream (R?> 0.5 and
P-value < 0.01) (Barthold et al., 2011). The water-stable isotopes (830 and §°H) were
included as tracers due to their conservative nature. Electric conductivity (EC) was also
included as a conservative tracer based on prior analysis in the paramo (Lazo et al., 2024).
Additionally, we used the Kruskal-Wallis test to determine if median tracer concentrations

differed significantly across sources.

To reduce the number of sources and the complexity of the model, it was assumed that all
the monitored points of each source (e.g., springs include SW1, SW2, SW3, SW4, and
SWS5) contribute as a single source, except for the groundwater wells, where each sampled
depth was considered an individual source (i.e., GW2m, GW15m, GW22m, GW60m, and
GW231m). As hypotheses for the model, we considered that the sources contributing to

a mixture depend on the specific mixture analyzed:

1) for the mixture of stream and springs, all possible sources (rainfall, soils,
groundwater) were considered.
1) for the mixture of groundwater and soils, springs and stream were excluded as

possible sources.

The sampled water as potential sources and the number of samples are presented in Table

2.

Table 2. Sources sampled and the number of samples collected from each, including
stream samples.

Sampled waters N° of samples (n)
Stream (only mixture) 343
Rainfall (only source) 37
Springs (only mixture) 117
Histosols (source and mixture) 142
Groundwater at 231 m of depth (source and mixture) 16
Groundwater at 60 m of depth (source and mixture) 19
Groundwater at 22 m of depth (source and mixture) 15
Groundwater at 15 m of depth (source and mixture) 19
Groundwater at 2 m of depth (source and mixture) 17

2.4.2. Estimation of total annual contributions

10
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To analyze the contributions from different sources to each mixture, a Bayesian mixing
model was developed using the MixSIAR framework (version 3.1.12) (Stock et al., 2018).
We used an uninformative prior (alpha=1) and ran 100,000 iterations (with a burn-in of
50,000 iterations) on three Monte Carlo Markov Chains (MCMC) for each mixture. In
the results, we report the mean, which represents the best estimation of the contribution
of a source to a mixture, and the 95% Credible Interval (IC95%) of the posterior density
obtained. The IC95% represents a range in which the real value of the contribution would
be. A visual representation of the values of mean and IC95% is shown in the supporting
information. The convergence of the model was assessed via Gelman-Rubin and Geweke
diagnostics.

We report as direct contributions those that flow from a single source directly into a
mixture, as estimated by the Bayesian mixing model. Indirect contributions are calculated
using the compound percentage method, which involves multiplying the direct
contribution coming from the initial source (e.g., groundwater) to an intermediate mixture
(e.g., Histosols or springs) by the direct contribution from that intermediate mixture to
the final mixture (streamflow). Water that has passed through more than two sources
before reaching the streamflow was not included as indirect contributions.

2.4.3 Estimation of contributions according to hydrometeorological conditions

To analyze the contribution from different sources to each mixture under variable
hydrometeorological conditions, the tracer time series was divided into wet and dry
periods, considering the 7 days of accumulated rainfall preceding sample collection. We
considered a wet period when the accumulated rainfall over the preceding 7 days was
higher than the mean evapotranspiration of 2 mm/day, which remains stable throughout
the year (Ochoa-Sanchez et al., 2019). Otherwise, it was considered a dry period. The
threshold was determined based on the premise that for the soils to be saturated and
contribute to streamflow through lateral subsurface flow, accumulated precipitation over
7 days must exceed the accumulated evapotranspiration for the same duration.
Conversely, if the 7-day accumulated precipitation was less than the 7-day accumulated
evapotranspiration, it was assumed that drainage to the river network was primarily slow
flow, mainly derived from the mineral layer of soils and the groundwater system (Crespo
etal., 2011).

3. RESULTS

3.1 Hydrometric, chemical, and isotopic characterization

11



287  Figure 2 shows the precipitation, discharge, and variations in piezometric levels during
288 the study period, alongside a time series of aluminum concentrations at the catchment
289 outlet. It can be observed that piezometric levels reacted to changes in the precipitation
290 dynamics. When prolonged wet periods occurred, piezometric levels increased (from
291 March to July 2023). In contrast, prolonged dry periods led to a decrease in piezometric
292 levels (from July 2022 to February 2023). Despite rain events occurring between dry
293 periods, there was no groundwater recharge. The shallower depth (22m) reacted more
294 quickly to changes at the surface, as seen in July 2022, with an increase in piezometric
295 levels. The other measured groundwater wells followed the same pattern, only with a

296 different velocity of the piezometric level dynamics.
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298  Figure 1. Precipitation (blue line), discharge (black line), difference of piezometric level
299  from a reference depth of 22.6 m, 53.3 m, and 92.9 m (Green line, yellow line, and brown
300 line, respectively), and aluminum concentration at the outlet of the catchment (crosses)
301 during the study period. The color of the crosses represents whether it was a dry period
302 (red) or a wet period (blue) at the time of sampling.
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During the period of piezometric level decrease, the Al streamflow concentration
remained almost constant, ranging from 0.02 to 0.09 mg L!. When the groundwater level
increased, the aluminum concentration in the stream increased too, reaching
concentrations of up to 0.5 mg L!. This suggested a shift in the sources contributing to
the stream when the hydrometeorological conditions change. It is worth mentioning that
not all tracers exhibited the same behavior; geogenic tracers, such as Mg, Ca, and Na,
behaved contrary to Al, showing higher concentrations during the periods of piezometric

levels decreased.

The median concentration (Table 3) and standard deviation (supplementary material) of
each tracer in each source were used to characterize the chemical composition of the study
site. The tracers were then separated into two groups. Group 1 (G1) tracers are those that,
on average, exhibited higher concentrations during the periods of groundwater level
decrease (from July 2022 to February 2023) compared to the periods of groundwater level
increase (March to June 2023). Group 1 included tracers such as Na, Ca, and Mg. Group
2 (G2), with Al, Fe, Gd, and Co, on the other hand, showed higher concentrations during

the period of groundwater level increase.

Histosols with mean values of electric conductivity >50 uS cm™ (HS04, HS05, and HS06)
presented significant differences with Histosols with mean values of electric conductivity
<50 pS cm™! (HSO1, HS02, and HS03) for all 10 tracers selected. Thus, each group of
Histosols was considered as a separate source for modelling. Histosols with the highest
electric conductivity were denominated “groundwater-influenced Histosols” (HIOI,
HI02, and HI03), while Histosols with the lowest electric conductivity were denominated

“groundwater non-influenced Histosols” (HNO1, HNO02, and HNO03).

G1 tracers and electric conductivity exhibited significantly higher median concentrations
(p-value < 0.05) in groundwater at depths greater than 22 m (Table 3). Additionally,
concentrations of G1 tracers in springs and influenced Histosols were significantly higher
than those in groundwater at 15 m and 2 m depths, as well as the remaining surface
sources (non-influenced Histosols, rainfall, and stream water), which presented

significant differences among them.

(32 tracers exhibited significantly higher median concentrations in groundwater at depths
of 2 and 15 m. Additionally, concentrations of G2 tracers in non-influenced Histosols and

stream water were significantly higher than those in groundwater at depths greater than

13
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22 m, as well as the remaining sources (influenced Histosols, spring water, and rainfall),

which presented significant differences among them.

The isotopic signature of §'*0 in rainfall ranged from -24.61%o to -2.25%o, the broadest
distribution among all the sources analyzed. The non-influenced Histosols and stream are
the second and third widest distributions; for the non-influenced Histosols, the values
ranged between -14.89%o and -3.59%o, and for the stream, from -15.18%o to -7.66%o. The
influenced Histosols from -16.71%o to -3.66%o, and spring water from -15.95%o to -
6.76%o, showed a narrow distribution. The groundwater from 2 m depth had a wider range
(-12.73%0 to -9.58%0) in comparison to the rest of the groundwater sources, the 15 m
depth samples ranged from -11.92%o to -10.68%0; 22 m depth samples ranged from -
11.79%o to -10.63%o0; the 60 m depth samples ranged from -11.77%o to -10.05%o; and the
231 m depth samples ranged from 11.54%o to -10.34%o.

Table 3. Median concentration of tracers of all the sampled sources and stream for the
study period, June 2022 to June 2023. Element concentration in (ppb), Electric

conductivity (EC) in (uS/cm), and isotopes in (%o). Three-color scale represents: red for
maximum, yellow for midpoint, and green for minimum

Ground Ground Ground Ground Ground

Non- .
Stream Rainfall influenced Influenced Spring water water water water water
Histosol Histosol water 2m 15m 22m 60m 231m

depth depth depth depth depth

Na 2095.5 1378.5 48458  6504.8

Ca 14766 1458.1 37149  4109.6

Mg | 4882

Al 60.8

Fe 3078

Gd 0.023 0.017 0.036 0.013  0.014 0.011

0.045 0.014
0.5

EC 40.9 71.8 81.9

8180 -10.8  -10.5 -10.6 -11.0 -11.1 -111 -11.3 -11.0 -11.1 -10.8

62H -73.3 -69.4 -73.0 -75.3 -76.3 -74.4 -77.4 -76.4 -76.2 -73.4

3.2 Annual total source contribution to a mixture

3.2.1 The stream mixture

The rainfall was the primary direct contributor to streams (Figure 3a and Table 4) in all
the sampled points, with a range of direct contributions from 32.1% to 69.7%. In the
tributary located in the upper part of the catchment, the 2 m depth groundwater increases

its contribution to the mixture downstream, as is shown by the increase in the direct
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contribution of 2 m depth groundwater from sampling point AS1 to AS2 (Contribution of
groundwater 2 m depth goes from 7% to 13.4%). Tributaries like AS4 and AS5 showed
direct contributions from groundwater of 231 m, as well as springs, with a higher
contribution in AS5 than in AS4. The mixture points in the mainstream (AS3, AS6, AS7,
AS8, and AS9) consistently showed spring water as the second main contributor (Table
4), while influenced Histosols and non-influenced Histosols are the third main contributor

in the lowest part of the catchment.
3.2.2 Groundwater mixtures

Each of the groundwater mixtures was shown to have different contributors (Figure 3b
and Table 4). At the shallowest depths (2 and 15 m), groundwater originated primarily
from rainfall and soil inputs, with combined contributions of 71.3% and 69.3%,
respectively. At a groundwater depth of 2 m, there was a 19.5% contribution from
groundwater of 15 m depth (IC95%: 1.7% - 42.3%), and in groundwater at 15 m depth,
there was a 12% contribution from groundwater of 22 m depth (IC95%: 0.5% - 28.8%).
Between the 22 m and the 60 m depths, the water seems to be well mixed, so one appeared
as one of the main contributors to the other; the 60 m depth groundwater contributed
28.1% to the 22 m depth groundwater (IC95%: 7.5% - 52.9%) and the 22 m depth
groundwater contributed 87.2% to the 60m depth groundwater (IC95%: 75.1% - 94.7
%). However, the 22 m depth groundwater showed that infiltration through the influenced
Histosols was the primary contributor (mean: 43.4%; 1C95%: 10.4% -71.1%). The
deepest groundwater (231 m) had the influenced Histosols (mean: 30.7%; [C95%: 2.7%
- 65.7%), the 22 m depth groundwater (mean: 24%; 1C95%: 1.4% - 59.8%), and 60 m
depth groundwater (mean: 21.6%; 1C95%: 1.4% - 50.2%) as the main contributors.

3.2.3 Spring mixture

All the sampled springs exhibited similar behavior (Figure 3c and Table 4), primarily fed
by rainfall and influenced Histosols, with a combined contribution from rainfall and
influenced Histosols exceeding 80% in all of them. The springs OA3, OA4, and OAS
presented a higher contribution from influenced Histosols than rainfall (mean influenced

Histosols contribution: 59.1%, 49.3%, 73%, respectively; IC95%: 8.2% - 89.1%). In the
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spring, OA1 and OA2 influenced Histosols were the second main contributors (mean

contribution of influenced Histosols: 33.3%, 31.9%, respectively; IC95%: 3.1% - 66.2%).
3.2.4 Soil mixture

Finally, the soil mixture (Figure 3d and Table 4) showed that all the soils were mainly fed
by rainfall (mean goes from 47.5% to 90.5%; 1C95%: 30.6% - 95.7%); however, there
were differences in the second and third contributors between the influenced and the non-
influenced Histosols. The influenced Histosols received water from the 22 m and 60 m
deep groundwater, with a mean accumulated contribution between the 22 m and 60 m
depth groundwater ranging from 20.5% to 35.5%. In comparison, the non-influenced
Histosols received water from 2 m depth groundwater, and the influenced Histosols, with
a mean accumulated contribution between the 2 m depth groundwater and influenced

Histosols ranging from 5.9% to 42.8%.
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Figure 2. Radar charts show the annual contribution of each source to each mixture
point; each circle represents 20% of the contribution, starting from 0%, which is the
smallest circle. All axes represent one of the sources; SW is springs, HN is non-influenced
Histosols, Hl is influenced Histosols, RF is rainfall, and GW is groundwater. a) represents
the stream mixture for different sampling locations, b) the groundwater mixture, c) the
spring mixture, and d) the soil mixtures for influenced Histosols and non-influenced
Histosols.
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Table 4. The three main contributors to every sampled point are presented with the
mean contribution, which represents the best estimation of the contribution of each
source to the mixture point, and the 95% credible interval (1C95%) [P2.5%, P 97.5%]

represents the range in which the real contribution could be.
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412

1st main contributor

2nd main contributor

3rd main contributor

AS1 Mean RF 59.4% HN 188%  GW 2m 7%
n=39 1C95% (38.4%; 74.9%) " (0.4%; 46.4%) (0.4%; 16.7%)
AS2  Mean RF 59.2% GW2m 13.4% HN 9.8%
n=41 1C95% (42.5%; 71.2%) C (1.1%; 23%) (0.3%; 35.6%)
AS3  Mean RF 32.1% HN 30.9% SwW 18.1%
n=38 1C95% (12.1%; 53.9%)  (4.4%; 55.9%) (5.9%; 27.8%)
AS4  Mean RF 69.7% HN 8% GW 231 6.7%
n=31 1C95% (54.8%; 80.3%) " (0.2%; 21.5%) m (1.5%; 11.6%)
AS5  Mean RF 46% SW 288% GW 231 12.5%
n=37 1C95% (25%; 65%) © (1.4%; 54.3%) m (1.8%; 25.8%)
AS6  Mean RF 56.1% SW 14.1% HN 8.7%
n=40 1C95% (38%; 69.2%) " (1.3%; 26.7%) (0.3%; 25.9%)
AS7  Mean RF 58.8% SW 17.4% HN 8.2%
n=41 1C95% (46.4%; 69%)  (5.1%; 27.5%) (0.3%; 21.4%)
AS8  Mean RF 56.3% sSwW 17.8% HI 6.4%
n=41 1C95% (43.2%; 67.7%) © (3.9%; 30%) (0.4%; 20.9%)
AS9  Mean RF 60.5% SwW 15.2% HN 6.7%
n=35 1C95% (45.6%; 72%) (1.6%; 27.9%) (0.2%; 20.7%)
HI1  Mean RF 60.8% GW 60m 12% GW 22m 9.9%
n=22 1C95% (41.7%; 76.7%) (0.7%; 27.8%) (0.4%; 28.5%)
HI2  Mean RF 711% GW 22m 165% GW 60m 4%
n=24 1C95% (58%; 82.1%)  (1%; 33.9%) (0.1%; 13.9%)
HI3 Mean RF 59.5% GW 60m 282% GW 22m 7.3%
n=24 1C95% (51.9%; 66.9%) (9.7%; 39.1%) (0.2%; 26%)
HN1 Mean RF 90.5% GW2m 3.9% HI 2%
n=24 1C95% (83.8%; 95.7%) ~ (0.3%; 9.1%) (0%; 6.8%)
HN2 Mean RF 475% GW2m 38% HI 4.8%
n=28 1C95% (30.6%; 62.8%) © (20.3%;55.9%) (0.2%; 15.9%)
HN3  Mean RF 658% GW2m 8.2% GW 15m 8.1%
n=20 1C95% (51.4%; 77.3%) ~ (0.5%; 18.3%) (0.4%; 20.9%)
OA1l Mean RF 415% HI 33.3% HN 5.8%
n=20 1C95% (14.3%; 67.8%)  (3.1%; 66.2%) (0.2%; 19.2%)
OA2 Mean RF 57.1% HI 31.9% HN 3.1%
n=22 1C95% (33.3%; 78.7%)  (6.8%; 57.3%) (0.1%; 10%)
OA3 Mean HI 59.1% RF 32.2% HN 2.1%
n=22 1C95% (28.9%; 83.6%)  (8.2%; 58.6%) (0.1%; 7.5%)
OA4 Mean HI 49.3% RF 33.1% HN 4.1%
n=31 1C95% (8.2%; 81.4%) (4.6%; 69.5%) (0.2%; 13.4%)
OA5  Mean HI 73% RF 11.7% GW 22m 4.7%
n=22 "1C95% (47.7%; 89.1%) "~ (0.8%; 31%) (0.1%; 15.4%)
GW  Mean HN 48.7% RF 226% GW 15m 19.5%
2m T IC95% (4.7%; 83.3%) ~(0.8%; 60.8%) (1.7%; 42.3%)
GW  Mean RF 37.9% HI 315% GW22m 12%
15m 1c95% (8.6%; 64.5%) "~ (0.9%; 69%) (0.5%; 28.8%)
GW  Mean HI 43.4% GW 60m 28.1% RF 12.3%
22m T 1C95% (10.4%; 71.1%)  (7.5%; 52.9%) (0.6%; 36.3%)
GW Mean  GW22m 87.2% HI 3.3% RF 3%
60m T 1C95% (75.1%; 94.7%) (0.1%; 11.9%) (0.1%; 10.2%)
GW  Mean HI 30.7% GW 22m 24%  GW 60m 21.6%
231m T 1c95% (2.7%; 65.7%) (1.4%; 59.8%) (1.4%; 50.2%)
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3.3 Contribution by hydrometeorological conditions

The comparison of the contributions of direct sources to the different mixtures between
wet and dry periods (Figures 4-5 and Supporting Information 4) revealed a shift in the
primary sources for each mixture. For the stream, when only the wet periods were
considered, rainfall (contribution 42.2%), non-influenced Histosols (contribution 33.5%),
and groundwater at a 2 m depth (contribution 6.6%) were the primary contributors to
discharge. On the other hand, during dry periods, Influenced Histosols (contribution
37.8%), Rainfall (contribution 18.1%), and springs (contribution 16.9%) were the main
contributors to discharge. The mixture of spring water during wet periods consisted of
43.2% influenced Histosols, 33.2% rainfall, and 7.3% non-influenced Histosols. During
dry periods, spring water mixture consisted of 44.1% from influenced Histosols, 12.7%
from 2 m depth groundwater, and 10.5% from 60 m depth groundwater. The non-
influenced Histosols showed that during the wet periods, they were recharged by rainfall
(contribution 59.5%), groundwater at a 2 m depth (contribution 19.6%), and influenced
Histosols (contribution 7.9%). Meanwhile, during dry periods, non-influenced Histosols
were recharged by rainfall (contribution, 35.6%), groundwater at a 2 m depth
(contribution, 36.2%), and influenced Histosols (contribution, 10.6%). The influenced
Histosols showed that during the wet periods, they were recharged by rainfall (mean
contribution 51.3%), 60 m depth groundwater (contribution 11.3%), and non-influenced
Histosols (contribution 11%). Meanwhile, during dry periods, influenced Histosols were
recharged from 60 m depth groundwater (contribution 28.4%), rainfall (contribution
25%), non-influenced Histosols (contribution 12.7%), and 22 m depth groundwater

(contribution 11%).

During wet periods (Figures 4 — 5 and Supporting Information 4), the 2 m depth
groundwater received most of its recharge from non-influenced Histosols (contribution
43.2%), and 15 m depth groundwater (contribution 37.2%). The 15 m depth groundwater
received most of the water from the 2 m depth groundwater (contribution 46.7%), the 22
m depth groundwater (contribution 13.6%), and influenced Histosol (contribution
10.8%). The 22 m depth groundwater showed that a significant percentage of its recharge
comes from the influenced Histosols (contribution 56.5%), and the 60 m depth
groundwater (contribution 18.3%). The 60 m depth groundwater received most of the
water from the above levels of groundwater, 58.6% mean contribution from 22 m depth

groundwater, and 17.6% from 231 m depth groundwater. The most profound depth
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sampled had the highest contributions of recharge from the influenced Histosols
(contribution 31.1%), non-influenced Histosols (contribution 17.7%), 22 m depth
groundwater (contribution 14.8%), 60 m depth groundwater (contribution 13.3%), and
rainfall (contribution 10.5%).

During dry periods (Figures 4 — 5 and Supporting Information 4), the 2 m depth
groundwater received water from non-influenced Histosols (contribution 43.2%), rainfall
(contribution 21.7%), and 15 m depth groundwater (contribution 20.8%). The 15 m depth
groundwater received most of its water from the 2 m depth groundwater (contribution
40.1%), rainfall (contribution 19.5%), and influenced Histosol (contribution 14.9%). The
22 m depth had as its main sources of recharge the groundwater at 60 m depth
(contribution 49.4%), 231 m depth (contribution 18.1%), and 15 m depth (contribution
10.1%). The 60 m depth groundwater received almost all of its water from the 22 m depth
groundwater (contribution 73.9%). The most profound depth sampled had as major
contributors the 22 m depth groundwater (contribution, 48%) and the 60 m depth

groundwater (contribution 25.8%).
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Figure 4. Conceptual model of how the water moves through the catchment in dry and
wet periods. The main contributors to a mixture are represented, and their direction is
represented by an arrow.

4. DISCUSSION
4.1. Groundwater in the Andean paramo system

The annual contribution from groundwater to the discharge in the catchment outlet was
17.7%. The previous value of groundwater contribution was calculated by adding 12.3%
direct contribution from groundwater to the stream, 1.8% indirect contribution via the
influenced Histosols, 1.8% via the non-influenced Histosols, and 1.8% via the springs.
The estimated value of 17.7% remains close to the reported range for the Zhurucay

observatory (18-37%) (Correa et al., 2017; Pesantez et al., 2023). Our results
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demonstrated a system of groundwater contributing continuously to the generation of
discharge to the catchment outlet by direct contribution (12.1% in dry periods and 15.8%
in wet periods), and by indirect contribution, through the influenced Histosols (23.2% in
dry periods and 1.5% in wet periods), through the non-influenced Histosols (3.5% in dry
periods and 8.7% in wet periods), and through the springs (6.7% in dry periods and 0.8%
in wet periods). Overall, our results show an accumulated contribution (direct and
indirect) of groundwater to the discharge in the catchment outlet of 26.8% during wet

periods and 45.5% during dry periods.

Groundwater recharge in our study site occurs through a connection between the fracture
and fault system and the deepest layer of soil. Similar to findings in weathered fractured
bedrock systems, where the groundwater responds rapidly to rainfall events due to
preferential flow paths generated by the fractures (Salve et al., 2012). The shallowest level
(2 m) was primarily recharged by direct infiltration from non-influenced Histosols
(~45%), exhibiting strong connectivity with the following level (15 m), as indicated by
the high direct contributions between them. In contrast, deeper groundwater sampled at
22 m, 60 m, and 231 m received significant recharge from influenced Histosols during
wet periods, with 56.5% of direct contribution to the 22 m depth, and exhibited a mix
among the sampled depths below 20 m. Although infiltration from influenced Histosols
to 20 m depth samples decreased to 9.3% during dry periods, the interaction among the
deeper levels remains high, indicating persistent internal groundwater exchange despite
reduced surface inputs. Water infiltrates through the soil and reaches the fractures and
fault system, where it moves and mixes through all the sampled depths. The mixing and
contributions between levels of groundwater reinforce the idea of an active rock moisture
system that enables rapid and profound recharge, as well as lateral redistribution
throughout the subsurface, through preferential flow in the bedrock generated by fractures

and faults (Rempe & Dietrich, 2018; Salve et al., 2012).

We identified a differentiation among Histosols in the catchment, groundwater-influenced
Histosols, and non-groundwater-influenced Histosols. Influenced Histosols showed an
accumulation of geogenic elements (G1 tracers), and a high direct contribution of
groundwater from depths greater than 20 m in their mixture (with cumulative
groundwater direct contributions from >20 m depths ranging from 31.9% to 47.5%). Non-
influenced Histosols showed accumulation of pedogenic elements (G2 tracers), and high

direct contribution of groundwater from the shallowest layers (2 and 15 m depth) in their
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mixture (with cumulative groundwater direct contributions from <20 m depths between
24.2% and 43.8%). Although influenced and non-influenced Histosols during dry periods
had a similar accumulated direct contribution from groundwater (from 37.6% to 62.2%
for influenced Histosols, and from 32.4% to 53.6% for non-influenced Histosols), the
depth from which the Histosols receive groundwater differs. The non-influenced
Histosols receive water from the shallow levels (2 to 15 m), and the influenced Histosols
receive water from the more profound levels (> 20m). Our results align with studies made
in peaty headwater catchments that found that the contribution of groundwater to
Histosols controls the hydrological connectivity of the catchment and is needed to keep
the contribution of Histosols to discharge (Ala-aho et al., 2017; Partington et al., 2013;
Tetzlaff et al., 2007; Weill et al., 2013).

Springs were points of convergence of the drainage of all the sources, mainly from
influenced Histosols (~45% direct contribution from influenced Histosols to springs
during dry and wet periods), and groundwater from depths below 20 m (11.1%
accumulated direct contribution from groundwater below 20 m during wet periods and
31.8% during dry periods). The groundwater contribution below 20 m to springs was
constant, enabling springs to maintain their contribution to discharge generation despite
varying hydrometeorological conditions. Despite the importance of the springs, we found
that the primary sources contributing to the generation of discharge were Histosols (non-
influenced under wet periods and influenced under dry periods), rainfall, and springs,
which aligns with studies carried out on Andean paramo catchments (Correa et al., 2017;

Pesantez et al., 2023; Ramon et al., 2021).

During wet periods, groundwater flowed directly into the mainstream, as indicated by a
higher accumulated contribution from all depths to the catchment outlet (15.8% of
groundwater direct contribution to catchment outlet, 37.6% of groundwater direct
contribution to influenced Histosols, and 32.3% of groundwater direct contribution to
non-influenced Histosols). Meanwhile, during dry periods, groundwater flowed mainly
to Histosols, and the direct contribution from all depths to the catchment outlet was
reduced compared to wet periods (12.1% of groundwater direct contribution to the
catchment outlet , 62.2% of groundwater direct contribution to the influenced Histosols,
and 53.5% of groundwater direct contribution to non-influenced Histosols). The changes
in groundwater behavior according to the surface conditions had been found in different

headwater catchments around the globe (Bonanno et al., 2021; Kaule & Gilfedder, 2021;
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Zhu et al., 2021), where surface conditions related not only to the recharge and discharge
of groundwater but also to the flow direction of it, flowing directly to the streamflow

during wet periods and to foot slopes during dry periods.
4.2. Sources and dynamics: An integrated perspective

The sources that contribute to the generation of streamflow in the study site can be
classified into two groups according to the origin of their water: surface sources and
groundwater sources. Surface sources include non-influenced Histosols that rely heavily
on their hydrological connectivity with surface storage systems, hillslopes, and the
shallowest groundwater (up to 15 m depth) (Mosquera, Segura, et al., 2016). Groundwater
sources include influenced Histosols and springs that are constantly fed by groundwater
from all depths (ranging from 2 to 231 m), resulting in a groundwater source that is
primarily a mixture of groundwater from all depths. The connection that the sources have
with surface and subterranean storage affects their behavior during dry and wet periods.
Surface sources, due to their dependence on surface storage during dry periods, are no
longer saturated, which leads to disconnection, reducing their direct contribution to
streamflow (from 33.5% in wet periods to 8% in dry periods). The process of hydrological
connectivity was modeled at the Zhurucay observatory (Pesantez et al., 2024), where,
under dry conditions, the system dries out and the catchment's connectivity is reduced.
While influenced Histosols and springs remain connected with subterranean storage, they
remained saturated regardless of the period (wet or dry). The connection of groundwater
sources with subterranean storage prevents a reduction in their hydrologic connectivity.
Influenced Histosols and springs' direct contribution to streamflow increased from wet to
dry periods (from 4.4% of direct contribution from influenced Histosols to streamflow in
wet periods to 37.8|% in dry periods; from 6.3% of direct contribution from springs to the
streamflow in wet periods to 16.9% in dry periods). Studies conducted in paramo
catchments have found that Histosols and springs play a crucial role in streamflow
generation, even during low-flow conditions (Correa et al., 2017; Crespo et al., 2011;
Mosquera et al., 2015; Pesantez et al., 2023; Ramon et al., 2021). The dynamic connection
and disconnection of sources results in a seasonal shift of the primary contributors to
streamflow, from surface sources to groundwater sources. A similar dynamic has been
found in the Bruntland Burn catchment in northern Scotland, a headwater catchment with
similar conditions to our study site. In Bruntland Burn, several studies have found that

the temporal variability of sources contributing to streamflow follows a seasonal pattern,
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from surface to groundwater sources (Blumstock et al., 2015; Lessels et al., 2016;

Scheliga et al., 2019).

Our results provide a comprehensive understanding of water movement through the
catchment's storage systems, revealing an integrated system where surface and subsurface
water interact dynamically in response to seasonal variations. During wet periods,
precipitation and shallow subsurface flow through soils are the primary sources
contributing directly to streamflow (80.1%). During wet periods in the paramo,
streamflow generation occurs as precipitation rapidly infiltrates the soil, recharging
storage, including Andosols, which subsequently recharge Histosols in the valley bottoms
(Mosquera, Célleri, et al., 2016). With their high-water retention capacity, Histosols
quickly saturate and constantly contribute as new water displaces stored water. At the
same time, groundwater recharge occurs during wet periods, facilitated by the network of
faults and fractures present in the catchment's geology (Beate et al., 2001; Geyer & Marti,
2014). The variation in piezometric levels indicates that rock hydraulic conductivity has
been underestimated, and the flow through a network of fractures is the mechanism by
which water mixes under the surface, exhibiting behavior similar to that of rock moisture

(Rempe & Dietrich, 2018).

During dry periods, reduced precipitation leads to lower soil moisture and a disconnection
between Andosols and Histosols, resulting in reduced humidity in non-influenced
Histosols and an inability to mobilize water downhill to the stream. Meanwhile,
influenced Histosols received sufficient water from groundwater to maintain saturation
and continue to mobilize water downhill to the stream (Pesantez et al., 2024). Limited
rainfall during dry periods mixes with previously stored water in the soil and flows toward
the stream with no significant changes in soil water movement. In our study site, the
fractured system sustains baseflow through direct contribution and indirect contribution
through influenced Histosols and springs, a phenomenon observed in other peatland
ecosystems, where in dry seasons the stream consists of 75% of water discharging from
the substrate material underlying the peat (Flynn et al., 2021), or peatlands in Peru and
Bolivia, where Andean peats are sustained by groundwater (Cooper et al., 2019). Our
results indicate a stable groundwater contribution throughout the year, underscoring the
role of groundwater in regulating the hydrological response of our catchment. Fractured
volcanic geology plays a crucial role in groundwater movement, as water infiltrates and

accumulates in deep storage (Beate et al., 2001; Geyer & Marti, 2014). While previous
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studies suggested the existence of a contribution from groundwater (Correa et al., 2017;
Mosquera et al., 2023; Pesantez et al., 2023), our study found that water emerging in
springs and influencing Histosols originates mainly from depths exceeding 20 m. The
rapid mixing of water below 22 m suggests a more interconnected fracture network,
which buffers seasonal precipitation variations and provides sustained streamflow

contributions, especially during dry periods.

The high contribution of rainfall to streams can be attributed to the rainfall signature
masking water movement in Andosol, due to the rapid movement of rainfall on hillslopes.
Previous studies in the Zhurucay catchment have identified Andosols and rainfall as major
contributors to streamflow, with a combined contribution of 55% under high-flow
conditions and 35% under low-flow conditions (Correa et al., 2017). Similar patterns
were observed in this study, considering only the direct contribution of rainfall: 42.2%

during wet periods and 18% during dry periods.

Overall, the catchment's hydrological functioning is governed by the dynamic interplay
between surface and subsurface processes. The seasonal shifts in water sources reflect the
connectivity between rainfall, soil storage, and groundwater reservoirs. Understanding
these flow paths is essential for predicting hydrological behavior and managing water

resources in high-altitude catchments.
5. CONCLUSIONS

Our study characterizes the interactions between surface and groundwater in an Andean
paramo catchment. A set of unique samples, including groundwater from depths of up to
231 m, combined with the construction of a Bayesian mixing model and hydrometric
measurements, enables us to determine the role of groundwater in the hydrology of the
Quinahuaycu catchment. The annual groundwater direct contribution to streamflow was
12.3%. However, groundwater is connected to other hydrological storage compartments
such as springs and groundwater influenced Histosols, which in turn, contribute
significantly and consistently to streamflow (up to 37.8% direct contribution from
influenced Histosols to streamflow and 16.9% from springs). The catchment's geology,
characterized by volcanic rocks of low hydraulic conductivity, combined with the distinct
hydrochemical signature of each identified source, supports the idea that groundwater
flows through a fracture network, consistent with the dynamics of rock moisture. The

variation in the piezometric level at all depths, in response to shifts in
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hydrometeorological conditions (from dry to wet periods), suggests high connectivity in
the fracture network (down to 231 m depth) and surface sources, particularly springs and

wetlands (Histosols).

We identified two types of Histosols in a pdramo catchment: groundwater-influenced
Histosols, which are mainly recharged by groundwater emerging from depths greater than
20 m, and groundwater non-influenced Histosols, which depend on precipitation
infiltration and subsurface flow from the hillslopes. Influenced Histosols and springs
receive contributions of groundwater continuously, which allow them to maintain a
contribution to streamflow despite the hydrometeorological conditions (combined direct
contribution to streamflow up to 54.7%). Our mixing model quantifies the contribution
of influenced Histosols and springs to streamflow, highlighting their importance in

maintaining baseflows, particularly during dry periods or when precipitation is reduced.

Our results provide new insights into the deep storage in an Andean pdramo catchment,
highlighting the hydrological connectivity of groundwater and its role in streamflow
generation. Improved water resource management must consider how groundwater
sustains springs and wetlands that regulate baseflows. In this regard, future research based
on this extensive chemical and hydrometric data set should aim at quantifying episodic
groundwater recharge volumes. Identifying, characterizing, and protecting groundwater
and the surface water sources that depend on it are essential for ensuring water security
and resilience for downstream populations in the face of prolonged droughts or changing

precipitation patterns.
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880 Supporting Information 2. Piezometric levels from the 4 piezometers installed in the
881 study catchment, each one with all the transducers installed.
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Ground Ground Ground Ground Ground

Stream Rainfall inﬂﬂ::;ed Inf!uenced Spring water water water water water
Histosol Histosol water 2m 15m 22m 60m 231m
depth depth depth depth depth
Na 14486 9017  3696.5 26760  3610.6  762.8 1505.2 5826.6 7357.7 4023.9
Ca 15819 5247 88918 5014.9 67048 8932 1317.1 6240.5 91152 8170.0
Mg 5200 780 1311.8 659.0 49430 958  402.6 1299.0 987.1 1495.3
Al 3945 791 3639.4 203.9 2360 847.1 1244 565 7822 7919
Fe 0236 0118 0.108 0.496 8.082 0140 0350 0.116 0.026 0.016
Gd 856 658 90.4 46.4 56.3 2108 1352 333 604 404
Co 0154 1546 2.267 0.117 0.140 0581 1218 0705 0.592  0.138
EC 544 9252 76.2 77.7 106.3 578 674 1072 549  112.8
80 21 5.2 1.9 1.1 0.9 2.2 2.8 2.0 0.3 0.2
8H 106 419 13.3 6.9 6.5 9.0 7.7 5.3 1.2 1.1

882  Supporting Information 3. Standard deviation of the tracers of all the stream and
883 sample sources for the study period, June 2022 to June 2023. Element concentration in
884  (ppb), Electro conductivity in (uS/cm), and isotopes in (%o).

Ground- Ground- Ground- Ground- Ground-

Non- .
Rainfall  influenced Influenced Spring  water 2 water water water water
Histosol Histosol water m 15m 22 m 60m 231 m
depth depth depth depth depth
Dry 18.0 8.0 37.8 16.9 10.2 3.1 1.8 1.9 2.0
Stream
Wet 42.2 33.5 4.4 6.3 6.6 1.5 1.3 1.4 2.4
Non- Dry 35.6 0.0 10.6 0.0 36.2 7.6 3.4 3.1 3.2
influenced
Histosol Wet 59.5 0.0 7.9 0.0 19.6 4.6 2.9 1.7 3.5
Influenced Dry 25.0 12.7 0.0 0.0 8.4 6.3 11.0 28.4 8.1
Histosol  wet 593 11. 0.0 0.0 26 3.1 16.2 11.3 44
Spring Dry 7.6 6.5 44.1 0.0 4.7 5.1 12.7 10.5 12.7
water Wet 33.2 7.3 43.2 0.0 2.3 2.5 5.8 3.1 2.2
Ground- Dry 21.7 5.1 48.0 0.0 0.0 20.8 1.5 1.6 1.4
water2 m
depth Wet 7.2 432 5.0 0.0 0.0 37.2 2.8 2.2 2.3
Ground-  Dry 19.5 9.5 14.9 0.0 40.1 0.0 8.5 4.8 2.7
water 15
m depth Wet 9.5 5.3 10.8 0.0 46.7 0.0 13.6 7.1 2.8
Ground-  Dry 38 5.1 9.3 0.0 41 10.1 0.0 49.4 18.1
water 22
m depth Wet 7.5 5.3 56.5 0.0 2.0 3.8 0.0 18.3 6.6
Ground- Dry 2.9 3.0 11.5 0.0 2.2 2.3 73.9 0.0 4.1
water 60m
depth Wet 4.2 4.7 6.8 0.0 2.8 5.3 58.6 0.0 17.6
Ground- Dry 3.7 5.2 6.3 0.0 5.1 5.8 48.0 25.8 0.0
water 231
m depth Wet 10.5 17.7 31.1 0.0 6.7 5.9 14.8 13.3 0.0

885  Supporting Information 4. Mean percentage contribution (%) of each water source to
886 every mixture, under dry and wet hydrometeorological conditions. Contributions were
887 averaged across all sampling points for each source.
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