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ABSTRACT

Understanding how tropical montane catchments store and release water is crucial for water resource
management at surrounding elevations and downstream populations. Nevertheless, although research
in montane tropical ecosystems has focused on streamflow generation, a lack of knowledge regarding
catchments’ water storage remains. Consequently, this study focuses on the investigation of catchment
storage and the factors controlling its spatial variability in seven paramo catchments (0.20-7.53 km?)
located in south Ecuador. We used a hydrometeorological, water stable isotopic, and soils’
hydrophysical properties dataset collected during Nov 2011-October 2014 to estimate catchments’
passive (PasS) and dynamic (DynS) storages. We also investigated relations between these storages
and landscape and hydrometric variables using linear regression analysis. The catchments’ PasS and
DynS were 313-617 mm and 29-35 mm, respectively. Catchments’ PasS increased as their areal
proportion of wetlands (Histosol soils) increased, and their DynS increased as the intensity of
precipitation increased. Results also showed that PasS estimations using different methodologies were
in agreement. Altogether, results evidence: 1) that only 6-10% of the catchments’ mixing storage
(DynS/PasS) is hydrologically active in their water balance, 2) the importance of wetlands for the
provisioning of the catchments’ PasS, and 3) the influence of the constant input of low intensity
precipitation to sustain the wetlands recharge, and thus, the year—round water supply of paramo
catchments. Findings that are crucial towards improvement of soil, vegetation, and water resources
management in the paramo and other environments where the presence of peaty—like soils dominates.

Keywords: paramo soils, passive storage, dynamic storage, Neotropical alpine wetlands, peatlands,
Andosols and Histosols

Abbreviations:

DynS — Dynamic storage

DynSs) — Event scale DynS

DynSt) — Long-term DynS

ET. — Actual evapotranspiration

ETaeum) — Cumulative ET,

ET, — Reference evapotranspiration

f — conversion factor from ET, to ET,

MTT — Mean transit time

P — Precipitation

P cum) — Cumulative P

PasS — Passive storage

PasSp) — PasS estimated from the soils’ hydrophysical properties
PasS(q) — PasS estimated from the streamflow MTT
PasSs) — PasS estimated from the soils” MTT

Q — Discharge

Qcum) — Cumulative Q

Q: — Normalized fractional Q

S(t) — Water balance based storage volume at time t
S¢— Normalized fractional storage

TB — Tracer—based

TTD — Transit time distribution

WBB — Water balance based

ZREO - Zhurucay River Ecohydrological observatory
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RESUMEN

Comprender como las cuencas de montafia tropicales almacenan y liberan agua es crucial para el
manejo de recursos hidricos en las poblaciones aledafias. Sin embargo, a pesar de que la investigacion
en ecosistemas andinos se ha enfocado en la generacién de escorrentia, todavia existe un vacio de
conocimiento en el almacenamiento hidrico de las cuencas. Consecuentemente, este estudio se enfoca
en la investigacion del almacenamiento hidrico y los factores que controlan su variabilidad espacial en
siete cuencas de paramo (0.2-7.53 km?) ubicadas en el sur del Ecuador. Para esto se utilizaron datos
hidrometeorol6gicos, de is6topos estables, y propiedades hidrofisicas de suelos recolectadas durante
Noviembre 2011-Octubre 2014 para estimar el almacenamiento pasivo (PasS) y dinamico (DynS).
También se analiz6 las relaciones entre estos almacenamientos y variables hidrométricas usando
regresion lineal. El PasS y DynS de las cuencas fueron de 313-617 mm y 29-35 mm, respectivamente.
El PasS incrementa al aumentar la proporcion de Histosoles en la cuenca, y el DynS incrementa al
aumentar la intensidad de la precipitacion. Ademds, las estimaciones de PasS usando distintas
metodologias concuerdan. Juntos estos resultados evidencian: 1) solo del 6-10% del almacenamiento
mezclado de la cuenca (DynS/PasS) estd hidrolégicamente activo en el balance hidrico, 2) la
importancia de los Histosoles al aprovisionar el PasS, y 3) la influencia del ingreso constante de
precipitacion de baja intensidad en mantener la recarga de los Histosoles, y asi, el suministro de agua
anual en las cuencas de paramo. Estos hallazgos son clave para mejorar el manejo de recursos
hidricos.

Palabras clave: suelos de paramo, almacenamiento pasivo, almacenamiento dindmico, Andosoles,
Histosoles.
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1. INTRODUCTION

Mountainous ecosystems provide key water—related services for downstream ecosystems and
populations worldwide (Viviroli et al., 2007; Asbjornsen et al., 2017). This is particularly true for
headwater tropical ecosystems, such as the Andean Paramo, which occupies over 30,000 km? of
northern South America (Hofstede et al., 2003; Wright et al., 2017) and sustains the economy of
millions of people in the region (IUCN, 2002). Among the variety of ecosystem services provided by
the Paramo, its high water production and regulation capacity are two of the most important
(Poulenard et al., 2003; Buytaert, 2004). While recent Paramo hydrology research has focused on the
investigation of the factors controlling the water production capacity of this ecosystem (e.g., Roa—
Garcia and Weiler, 2010; Buytaert and Beven, 2011; Crespo et al., 2011, 2012, Mosquera et al., 2015,
2016a, 2016b; Correa et al., 2017; Polk et al., 2017), the factors controlling its water regulation
capacity have not been yet studied in detail.

Catchments’ water regulation is highly influenced by their capacity to store and release water
(Mcnamara et al., 2011). As such, in the last decade, there has been an increasing interest within the
hydrological science community towards improving our understanding of catchment water storage
(hereafter referred to as ‘catchment storage’). For instance, the study of catchment storage has helped
improve our general understanding of the streamflow-storage relationships (e.g., Spence, 2007;
Soulsby and Tetzlaff, 2008; Kirchner, 2009; Soulsby et al., 2011; Tetzlaff et al., 2014); how storage
regulation and storage—discharge hysteresis depends on the antecedent wetness, flow rates, and
catchment scale (Davies and Beven, 2015). These findings in turn, have been extremely useful as basis
for the enhancement of the structure of hydrological models (e.g., Sayama and McDonnell, 2009;
Nippgen et al., 2015; Soulsby et al., 2015; Birkel and Soulsby, 2016).

Notwithstanding, direct quantification of catchment storage remains difficult because of its largely
unobservable nature (Hale et al., 2016) and the marked internal (i.e., subsurface) spatial heterogeneity
within and among catchments (Soulsby et al., 2008; Seyfried et al., 2009). In response to this,
different approaches such as gravimetric techniques (Hasan et al., 2008; Rosenberg et al., 2012),
cosmic ray soil moisture observations (Heidblichel et al., 2015), soil moisture measurements (Grant et
al., 2004; Seyfried et al., 2009), streamflow recession analysis (Kirchner, 2009; Birkel et al., 2011),
water balance based (WBB), and tracer—based (TB) techniques (e.g., stable isotopes) (Birkel et al.,
2011; Mcnamara et al., 2011; Hale et al., 2016) have been applied in order to investigate these
important feature of the hydrologic cycle. Among these, the combination of techniques has proven to
provide the most valuable insights into water storage in catchments (Staudinger et al., 2017). The
combination of WBB and TB methods, for example, has allowed for an indirect quantification of
dynamic storage (storage that is determined by the fluxes of water into and out of the catchment over a
given period of time; Sayama et al., 2011; hereafter referred as DynS) and passive storage (the
subsurface volume of water stored within the catchment that mixes with incoming precipitation , Dunn
et al., 2010; Birkel et al., 2011, hereafter refered as PasS). However, to date, only few studies have
investigated storage combining different techniques (e.g., Pfister et al., 2017; Staudinger et al., 2017).

Apart from the quantification of catchment storage, the investigation of how catchment features (e.g.,
rainfall temporal variability, vegetation, soils, geology) affect its spatio—temporal variability remains
an open but fundamental question in hydrological science (Mcnamara et al., 2011). The latter, mainly
given that most catchment storage related studies have been conducted in single catchments and using
only one of the aforementioned storage quantification methods. Indeed, only few currently published
studies have conducted intercomparisons of storage estimations among several catchments. Some
work has shown that soils and soil drainability play an important role on catchment storage on Scottish
peatland dominated catchments (Tetzlaff et al.,, 2014) and Canadian boreal wetland dominated
catchments (Spence et al., 2011). In contrast, geology and topography have been observed to control
storage dynamics in steep forested catchments with well-drained soils in Oregon, USA (McGuire et
al., 2005; Hale et al., 2016). Bedrock geology has also been found to control catchment storage
dynamics in 16 Luxembourgish catchments (Pfister et al., 2017); whereas catchment elevation was
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reported to control storage in 21 Alpine Swiss catchments, as elevation influences the snow versus soil
water proportions contributing to storage (Staudinger et al., 2017).

Despite these recent efforts aiming at understanding storage and the factors controlling its dynamics in
several parts of the world, still there exist many remote and understudied regions (such as the humid
tropics) where detailed WBB and TB information are usually lacking. In this study, we take advantage
of a unique dataset of hydrometeorological and isotopic information collected in the period 2011-2014
in the nested system of 7 headwater Andean Paramo catchments of the Zhurucay River
Ecohydrological Observatory (Mosquera et al., 2015, 2016a, 2016b). WBB and TB storage
estimations using these data, in combination with detailed information on the biophysical features of
the landscape (e.g., soil cover, vegetation cover, geology, topography, rainfall regime) and soils’
hydrophysical properties of the monitored catchments, provide a unique opportunity to investigate:
what is the storage of the catchments and how such observable features might affect its dynamics at
the catchment scale? As such, the objectives of this study are: 1) to quantify the PasS and DynS of the
catchments at different temporal scales (event-based to few years); 2) to compare different PasS
calculation methods in order to validate the TB PasS estimations; and 3) to examine whether
catchment features, if any, control their PasS and DynS.

2. MATERIALS AND METHODS
2.1. Study site

The study site is the Zhurucay River Ecohydrological Observatory (ZREO), located in south Ecuador.
The ZREO is situated on the western slope of the Pacific-Atlantic continental divide within the
Andean Mountain range. The observatory expands over an altitude range between 3,400-3,900 m a.s.l.
(Figure 1). The climate is mainly influenced by both, Atlantic and Pacific regime (Crespo et al., 2011).
Mean annual precipitation is 1345 mm with low yearly seasonality. Rainfall is mainly composed of
drizzle year—round (Padron et al., 2015). Mean annual temperature is 6.0 °C and mean annual relative
humidity is 90% at 3,780 m a.s.l. within the study site (Cérdova et al., 2015).

Patricio Xavier Lazo Jara
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Figure 1. . Location of the study area and the isotopic monitoring network within the Zhurucay River Ecohydrological
Observatory for: Streamflow (M), Precipitation (P), Andosol (A), and Histosol (H) soils. The straight black lines shown in
the figure depict the transects that were used to characterized the soils’ hydrophysical properties every 150 m within the
catchment. *Only rainfall amount data was collected at stations P3 and P4.

The geomorphology corresponds to glaciated U-shape valleys with an average slope of 17%. Most of
the land surface (69%) has slopes up to 20%, although it could reach up to 40% in some small areas
(less than 5% of the total catchment area) (Table 1; Mosquera et al., 2015). The geology of the
observatory is composed by deposited volcanic rocks that have compacted because of the glacial
activity (Coltorti and Ollier, 2000). Two geologic formations from the late Miocene period are found.
The Quimsacocha formation composed by balsaltic flows with plagioclases, feldspars, and andesitic
pyroclastics and the Turi formation composed by tuffaceous andesitic breccias, conglomerates, and
horizontal stratified sands.
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Table 1. Landscape features and hydrometric variables of the nested system of catchments of the ZREO (From Mosquera et
al., 2015).

Distribution of soil

types (%) Vegetation Cover (%) Geology (%)
Ca;ﬁ?m (ﬁ:ﬁg) S(I;Se Histo Tusso Cushi Polyle Pine T Quaart;/ern Quimsaco
Andosol sol ck on pis  Fore fi Deposit cha
grass plants Forest st s
M1 0.20 14 87 13 85 15 0 0 0 0 100
M2 0.38 24 85 15 87 13 0 0 1 33 66
M3 0.38 19 84 16 78 18 4 0 41 0 59
M4 0.65 18 80 20 79 18 3 0 48 1 50
M5 1.40 20 80 20 78 17 0 4 1 30 70
M6 3.28 18 78 22 73 24 1 2 30 20 50
M7 7.53 17 76 24 72 24 2 2 31 13 56
- Total Flow rates, as frequency of non—exceedance (I s+ km™)
Catchm l?giczf:ﬁt Runoff Run_o_ff -
et °0% (mT) y- Coefficient QM 919 Q30 Q50 Q70 QU Qmax
M1 1300 729 0.56 0.7 2.7 6.6 143 26.4 501 1039'
M2 1300 720 0.55 1.2 4.8 7.9 149 267 49.0 7629
M3 1293 841 0.65 2.3 73 108 177 281 524 894.2
M4 1294 809 0.62 4.2 6.2 9.8 16.6 273 521 7412
M5 1267 766 0.60 15 4.1 8.3 153 269 50.8 905.7
M6 1254 786 0.63 1.2 3.7 8.2 159 275 532 9304
M7 1277 864 0.68 1.9 4.0 8.7 152 292 608 7779

The soils at the study area mainly correspond to Andosols and Histosols. These soils were formed by
the accumulation of volcanic ashes over the valley bottoms and low gradient slopes. As a result of the
cold—humid environmental conditions, they are black, humic, and acid soils rich in organic matter with
high water storage capacity (Quichimbo et al., 2012). Andosols cover 76% of the observatory and are
mainly found on the hillslopes; while the Histosols cover the remaining 24% and are normally found
in flat areas at valley bottoms (Mosquera et al., 2015). Vegetation at the study site is composed by
Cushion plants (Plantago rigida, Xenophyllum humile, Azorella spp.) mainly covering the Histosols
and tussock grass (Calamagrostis sp.) mainly covering the Andosols. The combination of cushion
plant vegetation unit and Histosols’ pedogolical unit is hereafter referred as wetlands.

2.2.Hydrometric information

Discharge, precipitation amount, and meteorological variables were continuously recorded since
November 2011 to November 2014. Discharge was measured in six nested catchments using V—notch
weirs and at the outlet of the catchment using a rectangular weir. The weirs were instrumented with
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Schlumberger pressure transducers with a precision of £5 mm. Water levels were recorded at a 5-
minute resolution and transformed into discharge using the Kindsvater—Shen relationship. Discharge
equations were calibrated using constant rate salt dissolution measurements (Moore, 2004).
Precipitation was recorded using HOBO tipping bucket rain gauges with a resolution of 0.2 mm at
four stations located within the catchment (Figure 1). A set of meteorological variables were also
recorded from a Campbell Scientific meteorological station located next to the tipping bucket P1
(Figure 1). Temperature and relative humidity were recorded with a CS-215 combined probe
protected with a radiation shield. Wind speed was recorded using a Met-One 034B Windset
anemometer and solar radiation using a CS300 Apogee pyranometer. Reference Evapotranspiration
(ET,) during the study period was calculated by Cordova et al. (2015) at the study site using the FAO-
56 Penman—Monteith equation (Allen et al., 1998).

2.3.Characterization of the soils’ hydrophysical properties

Soil samples were collected at 45 sampling locations separated 150 m along three transects within the
study site. Samples were collected at different positions along the landscape, i.e., valley bottom, toe
slope, lower slope, middle slope, upper slope, and summit (FAO, 2009; Schoeneberger et al., 2012).
At each sampling point and position, we characterized the soil depth, soil types, soil horizons (organic
and mineral), and the thickness of each of the horizons. Two kilograms of disturbed soil and two
undisturbed soil samples (using 100 cm® steel rings, 5 cm diameter) were collected at each sampling
location and soil horizon. Upon collection, the samples were carried out to the Soil Hydrophysics
Laboratory at the Univesity of Cuenca for analyzing the soil water tension—water content (0)
relationships at saturation (pF 0) and field capacity (pF 2.54). The 6 at saturation was obtained via
gravimetry and at field capacity via the ceramic plates system method (USDA and NRCS, 2004). The
0 values are reported as volumetric moisture (mm® mm™).

2.4. Collection and analysis of isotopic data

Weekly water samples for Oxygen—18 (**0) isotope analysis were collected for the period May 2012 —
May 2014. These samples were collected in streamflow, precipitation, and soil water. Grab samples in
streamflow were collected at the same stations used for measuring discharge. Water samples in
precipitation were collected using two rain collectors located at 3,780 and 3,700 m a.s.l. (P1 and P2,
respectively, in Figure 1). Precipitation water samples were collected from polypropylene rain
collectors with a 5 mm mineral oil layer and covered with aluminum foil to reduce evaporation of the
stored water. Once precipitation samples were collected, the rain collectors were cleaned, dried, and
the mineral oil replaced before their re—installation.

Soil water samples were collected using wick samplers installed at four locations (2 Histosols and 2
Andosols) (Figure 1). The wick samplers were built with 9.5 mm-—diameter fiberglass wicks connected
to a polypropylene container of 30 x 30 cm (Boll et al., 1991, 1992; Knutson et al., 1993) One end of
the wick was connected to the wick sampler and the other to a 1.5 L glass bottle where the soil water
was collected and stored. In order to collect the mobile soil water fraction (Landon et al., 1999), we
applied 1 m length of suction (Holder et al., 1989). The wick samplers were installed at three depths at
all soil water sampling stations. In the Histosols, they were placed at 25 and 45 cm depths in the
organic horizon and at 75 cm depth in the organic—mineral horizons interface. In the Andosols, they
were placed at 25 and 35 cm depths in the organic horizon and at 65 cm depth in the shallowest part of
the mineral horizon. The wick samplers in the Histosols were located at flat zones near the streams,
whereas Andosol 1 (Al) and Andosol 2 (A2) were located at the middle and bottom parts of a
hillslope. Rainfall and soil water samples were filtered using 0.45 um filters in order to minimize
organic matter contamination. The collected water samples were stored in 2 ml amber glass bottles,
covered with parafilm, and kept away from sunlight to diminish fractionation by evaporation.
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A cavity ring—down spectrometer (Picarro L1102—i) was used to measure the **0 isotopic composition
of the water samples with a 0.1%o precision. Contamination of the isotopic signal was checked using
ChemCorrect 1.2.0 (Picarro, 2010). This evaluation showed that only 3 soil samples (0.5% of the
total) were contaminated with organic compounds. Those samples were excluded from the analysis.

Isotopic concentrations are presented in the & notation and expressed in per mill (%o) according to the
Vienna Standard Mean Ocean Water (V-SMOW; Craig, 1961).

2.5.Soil water mean transit time (MTT)

Mean transit time is defined as the time it takes for a water molecule to travel subsurface in a
hydrologic system (McGuire and McDonnell, 2006). That is, from the time it enters as precipitation or
snow to the time it exists at an outlet point (e.g., streamflow, spring, soil wick sampler, or lysimeter).
The approach used to estimate soil water MTT was based on the lumped convolution method
(Maloszewski and Zuber, 1996), which assumes a steady-state condition of the flow system. Even
though the steady-state assumption has been criticized as an unrealistic catchment representation in a
variety of environments, the particular catchment features (i.e., relatively homogeneous soil
distribution and compact geology) and low seasonal variation of hydrometeorological conditions at the
ZREO, justify this assumption in our study catchment, as denoted by Mosquera et al. (2016b). This
method transforms the input tracer signal (precipitation or snowmelt; &;,) into the output tracer signal
(stream, soils; d.y). The input tracer concentration was volume weighted by precipitation amount to
account for different recharge rates along the year, with the recharge mass variation given by the
following equation:

[ () w(t-1) Sin(t-1)dt

SOUt (t) - f0°° g(t) w(t-1t)dt

(Eqg. 1)

where, 7 is the integration variable representing the MTT of the tracer, (t — ) is the time lag between
the input and output tracer signals, g(t) is the transit time distribution (TTD) that describes the tracer’s
subsurface transport, and w(t) is a recharge mass variation function. The latter was applied to take into
account the temporal variability in recharge rates by weighting the input isotopic composition based
on precipitation amounts (McGuire and McDonnell, 2006). We tested five TTDs for the simulations:
the exponential model (EM), exponential-piston flow model (EPM), the dispersion model (DM)
(Matoszewski and Zuber, 1982), the gamma model (GM) (Kirchner et al., 2000), and the two parallel
linear reservoir model (TPLR) (Weiler et al., 2003). Similarly to the findings of Mosquera et al.
(2016b) during the evaluation of streamflow MTTs at the ZREO, the TTD that best represented the
subsurface transport of water through the soils was the EM. Therefore, the soil water MTTs reported
below correspond to the estimations based on this TTD.

2.6. Passive storage estimations

Passive storage is mathematically expressed as follows:
PasS = MTT =i (Eq. 2)

where: i is the mean annual discharge over the period MTT was estimated for each catchment. For the
nested system of catchments we estimated PasS based on the streamflow MTTs (in this study the
values reported by Mosquera et al. (2016b) using the same methodology described in the section 2.5,
Table 2, hereafter referred as PasS(q)).

We also approximated the PasS at the outlet of the basin (M7) based on two additional methodologies
in order to examine how much of the catchments’ PasSyq, is represented by the soils. The first
alternative approach was based on the soils’ hydrophysical properties (hereafter referred as PasSyp)).
Given the high water retention capacity of the Paramo soils and the sustained year—round rainfall at
the study site (Padrén et al., 2015), we assumed that their soil moisture content remains high and near
saturation conditions along the year (Buytaert, 2004). Consequently, we also assumed that the
contribution of the soils to the catchment PasS should be between the storage of the soils at saturated
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conditions and above field capacity. As such, we used the 0s at pF 0 (saturation) and pF 2.54 (field
capacity) for each of the soils located at each of the positions along the slopes (as described in section
2.3 and shown in Figure 1), and integrated these values to the total catchment area. The integration
was conducted by mapping the landscape surface that corresponded to the different positions were the
hydrophysical properties of the soils were measured (i.e., valley bottom, toe slope, lower slope, middle
slope, upper slope, and summit). For example, for estimating the PasSyp) of the catchment at the
middle of the slope, we mapped the area of the whole catchment corresponding to a slope of 32-40%
and with Andosol soil type (as indicated in Table 3). We did the same for each position and soil type
within the landscape where the hydrophysical soils’ properties were measured. Once we classified the
proportions of the landscape corresponding to each position; we used their estimated areas, 0s, and
soils” horizon types and thicknesses for estimating the PasS,p) at both saturation and field capacity for
the catchment outlet.

The second alternative approach was based on the soil water MTT estimations (hereafter referred as
PasS). In this approach, the i value in Eq. 2 was estimated using the median annual values of the
ratio between the volume of water collected on the sampling bottles (as a function of the wick
samplers collection area, 900 cm?) and the time step (i.e., weekly) in which the soil samples were
collected (i.e., i = Volume / time). In this way, we estimated the PasS for each soil type at each
monitoring depth.

2.7.Dynamic storage estimation

The WBB volumes of water stored in the catchments were estimated for each day during the study
period as follows (e.g., Sayama et al., 2011):

S() = P(t) — Q(t) — ET,(t) (Eq.3)

where: S(t), P(t), Q(t) and ET,(t) are the storage volume, precipitation, discharge, and actual
evapotranspiration at time t, respectively. The long—term DynS (hereafter referred as DynS, ) of the
nested catchments was then defined as the difference between the maximum (Spa) and the minimum
(Smin) daily storage volumes obtained from Eq. 3 over the period of analysis.

Actual evapotranspiration was estimated using the following equation:
ET, = f *ET, (EqQ.4)

where: ET, is the potential evapotranspiration, and f is a factor which is calculated as the result of the
difference between P and Q divided by ET, (i.e., (P-Q)/ET,) (Staudinger et al., 2017)

2.8. Runoff events selection and variables

We selected rainfall-runoff events for the analysis of the temporal variability of DynS at the event
scale (hereafter referred as DynSs)). These events were defined as runoff response to rainfall inputs
where discharge increased from below low flow values (Smakhtin, 2001) — below Qs non—
exceedance flow rates (determined as low flows at the ZREO, Mosquera et al., 2015) — to values
higher than this threshold during the duration of the events. Only events in which discharge at the end
of the event returned to the discharge at the beginning of the event were considered in this study.
Although rainfall-runoff events were evaluated at all catchments, only the results for the outlet of the
basin (M7) are reported as similar trends for all catchments were found. Under these considerations,
42 events were selected for the analysis at M7.

For each event, we evaluated the storage—discharge hysteresis. This was conducted by visual
inspection of the plots of the normalized fractional storage St and fractional discharge Q; (Davies and
Beven, 2015). These values are defined as the storage and discharge volumes as fractions of the
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PasS(q) (i.e., St = S/PasS(q) and Q; = Q/PasSq), respectively), where S and Q are the same as in Eq. 3
but estimated at 5-minute temporal resolution for the analysis at the event scale.

Additionally, we also estimated the cumulative Q (Qum), cumulative P (Pym), cumulative ET,
(ETaeumy), the minimum, mean, and maximum rainfall intensity, as well as the antecedent wetness
conditions of the catchment represented as the amount of antecedent precipitation over different time
periods (7 and 14 days before each event) for each of the 42 events to investigate their influence on
DynSes).

2.9. Statistical analysis between storage and landscape—hydrometric features

We conducted a Pearson linear correlation analysis between the estimates of PasS., and DynS ) and
different landscape features which included: catchment area, soil cover, vegetation cover, geology, and
average slope of each catchment. We also conducted a linear correlation analysis between PasSq) and
DynS.t) with hydrometric variables that included mean annual P, mean annual Q, mean annual ET,,
runoff coefficient (Q/P), and different non—exceedance flow rates according to the catchment’s flow
duration curves. The biophysical and hydrometric features of the catchments were obtained from
Mosquera et al. (2015) (Table 1).

At the event scale, linear correlation analysis was used to investigate relations between DynSes) with
all the hydrometeorological variables estimated for the rainfall-runoff events. All correlations were
evaluated using the determination coefficient (r?) and their statistical significance was tested with a
90% confidence level (p—value < 0.1) using the t—student test.

3. RESULTS

3.1. Catchments’ passive and dynamic storage estimations

The PasSq) estimations of the catchments varied from 313 to 617 mm, with a value of 457 mm at the
outlet of the basin (M7). The maximum values were observed at catchments M3 and M4, while the
minimum value at M2 (Table 2). The variation among catchments (304 mm) was large. On the other
hand, their DynSr ranged from 29 to 35 mm, showing little differences among subcatchments (6
mm). Similarly to the PasSq,, catchments M3 and M4 showed the maximum values while the
minimum value corresponded to M7. The fractions of DynS ) to PasSq) varied between 6 and 10%
among the catchments (Table 2).

Table 2. Streamflow TB Passive (PasS(q)) and long-term Dynamic Storage (DynS.r)) estimations for the nested system of
catchments at the ZREO using data collected in the period Nov 2011-Nov 2014. *Catchments’ MTTs estimations were
obtained from Mosquera et al., 2016b.

Dynamic
Streamflow MTTs* Passive Storage Dynamic Storage/Passive
Catchment
(days) (mm) Storage (mm) storage
(%)
ML 194 (171 - 227) 394 (341-453)  34(31-37) 9
M2 156 (137 - 186) 313(270-361) 31 (28 34) 10
M3 264 (232 - 310) 617 (534-714)  35(32-38) 6
M4 240 (212 - 280) 530 (470 - 621) 33 (31— 36) 6
M5 188 (165 - 219) 400 (346 — 460) 32 (29 - 35) 8
M6 188 (164 - 220) 411 (353 -474)  31(29-34) 8
M7 191 (167 — 224) 457 (395-530) 29 (26 - 32) 6
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In regards to the daily temporal variability of the WBB catchments’ water storage volume (Figure 2),
although the system showed a very flashy response of storage volume to precipitation, it normally
returned to a stability condition with S(t) around 0 mm day*. Also, although the occurrence of
negative (S(t) < 0 mm day*; when the system loses or discharges higher amounts of water than the
inputs) and positive values (S(t) > 0 mm day *; when the system gains or receives higher amounts of
water than it discharges) were almost the same (53 and 47%, respectively); the system tended to be
recharged with higher amounts of water (i.e., the absolute values of S(t) were higher) than when it
discharged (i.e., the absolute values of S(t) were lower) (Figure 2). The latter coinciding with the most
humid periods between March—May for every year during the monitoring period (Figure 2).
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Figure 2. Daily precipitation and change of storage volume S(t) at the outlet of the catchment (M7) for the period Nov 2011—
Nov 2014. Continuous red line represent S = 0 mm day ™ while dashed red lines represents the maximum (Sqax) and minimum
(Smin) storage volumes which were used to estimate the long—term dynamic storage (DynS_t) = Smax — Smin)-

3.2. Hydrophysical soil properties based catchment passive storage estimations

The hydrophysical properties (i.e., 6 at pFs 0 and 2.54) of the soils located at the different landscape
positions and their areal extent within the ZREO are presented in Table 3. The Histosols were only
found at the valley bottom and toe slope positions. Their average thickness was 700 mm for the
organic horizon and 500 mm for the mineral horizons. Histosols were normally found in low relief
areas with slopes between 1-15% and covered 1.81 km? (24% of the total catchment area). They
presented the highest 0s at saturation (pF 0) for the organic (0.89-0.90 mm® mm™) and the mineral
horizon (0.65 cm® cm™®). Histosols also presented the highest 0s at field capacity (pF 2.54) for the
mineral horizon (0.54 cm® cm ), but among the lowest for the organic horizon (0.62—0.63 mm® mm™).
The Andosols on the other hand, were found from the toe slope to the summit positions along the
hillslopes. Their thickness was more variable than for the Histosols, and ranged between 300400 mm
for the organic horizon and 200-300 mm for the mineral horizon. They were found along the whole
range of relief areas (1 — >56%) and covered 5.72 km? (76% of the total catchment area). The 6 values
at saturation of the organic horizon of the Andosols (0.72-0.83 mm?® mm™>) were more variable than
those at their mineral horizon (0.53-0.56 cm® cm™®). For both horizons, these values were lower than
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for the Histosols. Their 6 values at field capacity for the organic horizon of these soils (0.62—0.69 mm®
mm ®) were more variable and higher than those for their mineral horizons (0.46-0.50 mm® mm®).

Table 3. Hydrophysical properties for each soil type, horizon, and position within the ZREO and passive storage estimations
based on these properties (PasSyp)) in relation to the areal extent of each of them with respect to the total basin area, M7.
PasSp, estimates were calculated at field capacity (FC) and saturation (Sat) conditions.

Soil PasSgp)
. ) Total
on the Tvpe Slope denth Area pF23 pFO
hillslope yp P FC Sat FC  Sat
3 3
0 »  (mm*  (mm?/
(%)  (mm) (km°) mm®)  mm?) (mm) (mm) (mm) (mm)
B/ alley \icosol 1.5 700 007 062 090 17 24
ottom 441 623
Histosol 700 174 063 0.89 424 599
< | Toeslope 5-15
S Andosol 400 026 062 0.72 11 13
S| Lower  ndosol 1532 300 166 067 083 58 72
S slope
=|  Middle
g Slope Andosol 32-40 350 251 0.69 076 106 117 o3y o4
o Upper  Andosol 40-56 380 059 065 074 25 29
slope Andosol >56 380 042 0.65 0.74 18 21
Summit  Andosol 1-5 335 028 065 0.73 11 12
Valley  hiosol 1.5 500 007 054 065 10 13
bottom ' ‘ ' 270 325
Toe slope Histosol 5 15 500 174 054 0.65 260 312
§ Toe slope  Andosol 300 026 050 053 7 7
5| Lower  \idosol 15-32 300 1.66 046 056 40 49
I slope
S| Middle
& Slope Andosol 32-40 300 251 046 056 61 74 431 156
= Upper  Andosol 40-56 200 059 046  0.53 9 11
slope  Andosol >56 200 042 046 053 7
Summit  Andosol 1-5 310 0.28 0.46 0.53

The PasSyp) was variable among the different soil types and horizons at the different positions in the
landscape (Table 3). The PasSypy estimations using these soil properties and the spatial distribution
and thickness of each soil horizon showed that the Histosols stored a higher amount of water (711 mm
at FC and 948 mm at saturation) than the Andosols (361 mm at FC and 420 mm at saturation) (Table
4). Integrating these PasSyp) values to the catchment scale using the areal proportions of the
catchment covered by each soil type, the PasSyp) at the outlet of the basin (M7) were 445 mm at field
capacity and 547 mm at saturation (Table 4).
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Table 4. Passive storage estimations based on the soils” hydrophysical properties (PasSyp)) at field capacity (FC) and
saturation (Sat) for the organic and mineral horizon of the Andosols and Histosols and the integration of this storage to the
catchment outlet, M7, based on the areal extent of each soil type within the ZREO.

FC Sat
(mm) (mm)
Histosol Andosol Histosol Andosol
Organic Horizon 441 230 623 264
Mineral Horizon 270 131 325 156
Soil PasSp) 711 361 948 420
Soil area percentage (%) 24 76 24 76
Catchment PasSp, 445 547

3.3.Soil water MTT based catchment passive storage estimations

Soil water MTTs for Andosols and Histosols at the three monitored depths are reported in Table 5.
The MTTs in both soil types increased with depth. MTTs in the Andosols were 35 and 48 days for the
shallower organic horizons and 144 days for the organic—mineral horizons interface. MTTs in the
Histosols were longer than in the Andosols, with values of 212 and 292 days for the shallower organic
horizons and 338 days for the organic—mineral horizon interface. With these MTT values we estimated
the PasS, for each soil type at each monitoring depth (Table 5). Andosols showed PasS, values
ranging between 14 to 49 mm, with the highest contribution from the mineral horizon (at 65 cm
depth). Histosols showed higher PasSe, values, and similarly to the soil water MTTs, these values
increased with depth. PasSe) was 191 and 263 mm at the shallower organic horizons and 304 mm at
the organic—-mineral horizons interface (at 65 cm depth). Based on the PasS, values at each soil type
and horizon, the water storage was 97 mm for the Andosols and 759 mm for the Histosols.

Table 5. Soil water discharge (i), soil water MTTs and soil water TB passive storage (PasS,)) for the monitored soil types
and depths using data collected in the period Nov 2011-Nov 2014. Values in parenthesis correspond to the 5% and 95%

confidence intervals.

Soils i (mm/day) MTT (days) PasSs) (mm)

Andosol-25  0.95 35(26-48) 33 (25-45)
Andosol-35  0.30 48(39-59) 14 (11-17)
Andosol-65 034 144 (119 166) 49 (41 - 57)
Histosol-25 ~ 0.90 212 (187 — 247) 191 (168 — 222)
Histosol-45 ~ 0.90 292 (263 —331) 263 (236 — 298)
Histosol-70 ~ 0.90 338 (298 — 394) 304 (268 — 355)

3.4. Temporal variation of dynamic storage at the event scale

The 42 rainfall-runoff events selected for the analysis represented a wide variety of
hydrometeorologic conditions during the study period. The Pe.m at the end of the events ranged
between 0.2-56.0 mm; with Qum Varying between 1.2-52.8 mm, and ETum) between 0.1-16.6 mm.
The DynSgs) during the events were 0.07-1.91 mm. In addition, maximum, mean, and minimum P
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intensities during the events were in the range of 0.6-22.3 mmh*,0.1-54mmh™, and 0to 1.1 mm h™
! respectively. Antecedent P for 7 and 14 days prior to the start of the events ranged between 2.6-68.5
mm and 15.8-113.3 mm.
The temporal variability of S¢ during the events was similar for all catchments and a representative one
at the outlet of the catchment (M7) is shown in Figure 3. The event had a total duration of 50 hours
and during this period Pym) and Qeumy Were 32.2 and 32.3, respectively. Figure 3 shows that at the
beginning of the event (t,), the system starts at relatively stable conditions (i.e., St = 0; not storing, nor
releasing water). During the first 17.7 hours (1), 82% of the P, entered to the system. During this
period, corresponding to the rising limb of the Q hydrograph (black line in Figure 3a), the catchment
did not only release water via Q in response to the P inputs (black line in Figure 3c), but also was
dynamically recharged (S; > 0 mm) in a non-linear fashion (black line in Figure 3b). From then on,
once rainfall intensity decreased, the system continued to change from a recharge state at a lower rate
to a releasing water state until t, at around 18.3 hr. This water loss from the catchment took place in a
mostly linear fashion and in such a flashy way, that the peak of the hydrograph (t;) was actually
caused by the loss of moisture from the recharged system rather than from precipitation (i.e. the black
line in the negative region of the S; during the t,—t, period in Figure 3b). After this time, when rainfall
almost completely ceased, the release of water from the system was almost sustained until t; (18.6 hr),
when the system started to be linearly discharged in a relatively constant but rapid manner (grey line
in Figure 3b). This effect thus causing a very steep falling limb of the Q hydrograph at the end of the
event (grey line in Figure 3a), when the system again reached a stability condition (S; ~ Omm) at the
end of the event, 50 hours after its beginning (t)). The S; dynamics at the event scale formed an
anticlockwise hysteretic loop. All of the monitored events at all catchments followed the same
hysteretic direction.

a) 08~ b) 0,0016- c)
] ] t,=18.3 hrqﬁ
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Figure 3. a) Discharge hydrograph; b) evolution of the normalized fractional storage volume Sy; and c) rainfall intensity
during a representative rainfall-runoff event at the study site. The data correspond to an event monitored at the outlet of the
basin on February 16", 2012. Black lines correspond to the rising limb and grey lines to the recession limb of the discharge
hydrograph during the event. The red lines in the subplot c) represent the times during the evolution of the rising limb of the
hydrograph in the subplot a); whereas the green lines represent the evolution of the hydrograph during the recession limb of
the hydrograph.

3.5. Relations between storage metrics and landscape features and hydrologic variables

The PasS g, for our nested catchments was significantly positively correlated with mean annual Q (r* =
0.73, p = 0.07), runoff coefficient (r> = 0.75, p = 0.06), and high flows represented by the Qg non—
exceedance flows (r? = 0.67, p = 0.09) (Table 6). With regards to the landscape features, PasSq) was
also significantly positively correlated with the cushion plants vegetation cover (r* = 0.68, p = 0.08)
and negatively correlated with the tussock grass vegetation cover (r* = 0.73, p = 0.07) (Figure 4). Even
though the areal proportion of soils (Histosols and Andosols) and vegetation (cushion plants and
tussock grass) cover are highly correlated at the ZREO, respectively (Mosquera et al., 2016a), and the
correlation between PasS.) and the soils follows the same trend that their related vegetal cover (i.e.,
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positive for the Histosols and negative for the Andosols), this correlations were not statistically
significant (r? < 0.55, p > 0.15). Neverteless, given the fact that Histosols and Andosols underlies
cushion plants and tussock grass respectively, the latter could be as a result of the lesser precision of
the soils’ map compared with the vegetation’s map.

Table 6. Pearson correlations (r?) between the streamflow TB passive storage (PasSg)) of the catchments with landscape
features and hydrologic variables. Values in bold represent the correlations with a confidence level of 90% (p < 0.10). +/—
values represents a positive or negative correlation between the variables, repectively. Q,, represents the flow rates, as
frequency of non—exceedance, where xx shows the non— exceedance rate.

Variable name

PaSS(Q)

Hydrologic variables

Landscape features

Dynamic Storage (mm)
Passive Storage
Mean Annual Precipitation
Mean Annual Discharge
Runoff Coefficient
Qmin
Quo
Q3O
QSO
Qro
Q90
Qmax

Area (km?)
Slope (%)
Andosols (% of total area)

Histosols (% of total area)

Tussock Grass (% of total area)
Cushion plants (% of total area)
Turi Formation (% of total area)
Quaternary Deposits (% of total area)

Quimsacocha Formation (% of total area)

-0.20
1.00
-0.30
0.73
0.75
0.24
-0.18
0.10
0.13
0.55
0.67
0.03

0.61
-0.45
—0.56

0.51
-0.73

0.68

0.48
-0.28
-0.05
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Figure 4. Correlations between the streamflow TB passive storage (PasS.)) of the nested system of catchments with a)
cushion plants, b) tussock grass, ¢) mean annual discharge, and d) runoff coefficient. Vegetation is expressed as the

percentage the areal extent of each vegetation type to the total area of each catchment. Dashed lines represents the 95% and
the 5% confidence intervals.

For the DynS 1) estimations calculated from the daily WB analysis, we found statistically significant
correlations with landscape and hydrologic variables. However, due to the small range of variation of
DynS 1) among catchments (only 6 mm, Table 2), we acknowledge that these correlations may not be
causal and thus do not report them. On the short term, when analyzing correlation between
hydrometeorological variables and the DynSes) during the events monitored at the outlet of the basin,
M7, we identified non-significant correlations between this storage metric and most
hydrometeorological variables (r2 < 0.30). These variables included the Pum), Qcum)r ETaeum), mean
and minimum P intensities, and 7 and 14 days accumulated antecedent P. The only strong correlation

found was between the DynSes) and the maximum P intensity during the events (r*= 0.91, p < 0.0001,
Figure 5).
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Figure 5. Correlation between the event scale dynamic storage (DynSs)) and maximum P intensity during the runoff events
at the outlet of the basin, M7. Dashed lines represents the 95% and 5% confidence intervals.

4. DISCUSSION

4.1. Catchments’ passive water storage

Our storage evaluation using the combination of hydrometric, isotopic, and hydrophysical soil
properties data in the nested system of catchments of the ZREO vyielded valuable insights into the
water passive and dynamic storage of the paramo.

Our estimated PasS(q) values at the ZREO (313-617 mm, Table 2) are similar to those reported by
Bishop et al. (2011) at the Gardsjén catchment in Sweden (300 mm) and Soulsby et al. (2009, 2011)
in a group of montane Scottish catchments (265 to 688 mm). These authors attributed these relatively
small storage values to the retention of water in the relatively shallow (< 2 m) peat type soils with little
deeply sourced water contributions from groundwater storage. On the contrary, our estimates are low
in relation to those reported by Amvrosiadi et al. (2017) on a peat dominated catchment in North
Sweden (1189-1485 mm), Birkel et al. (2011) in the peat dominated Girnock catchment in the
Scottish highlands (about 10000 mm), and Staudinger et al. (2017) in a group of catchments with
different land covers (e.g., pasture, grasslands, and forests) in a gradient between the Swiss plateau
and alpine regions (> 5000 mm). Despite the differences in catchment features (e.g., precipitation
seasonality, land cover, soil type and depth) among the study sites investigated by these authors, they
all attributed these high PasSq) estimates to water storage in deep groundwater reservoirs, i.e., the
highly fractured and permeable parental material (Pfister et al., 2017). At the ZREO, prior research
has shown that water stored in the peatland type Histosol soils (i.e., wetlands) controls runoff
generation (Mosquera et al., 2015; Correa et al., 2016). In addition, other studies have also shown that
water originated from these wetlands is the main contributor to runoff year—round and that deeply
sourced groundwater contributions to runoff are minimal (Mosquera et al., 2016a; Correa et al., 2017).
Our PasS(q) estimates, similar to those in catchments with low groundwater storage availability and
much lower than those in catchments with highly fractured geology, evidence that these wetlands do
not only control water production at the ZREO, but also the catchment’s water storage capacity.

It is worth highlighting that two of the upper catchments (M3 and M4, Figure 1) showed the highest
PasSiq (617 and 539 mm, respectively) among all monitored catchments within the ZREO. Also,
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PasS(q) of catchment M3 almost doubled that of M2 (Table 2), even when these two catchments have
the same drainage areas. Similar findings have been reported by Birkel et al. (2011) and Soulsby et al.
(2011) for a group of montane Scottish catchments with similar soil conditions and spatial distribution
than in our paramo monitoring site. These authors found that catchments with fractured and permeable
geology showed much higher PasSq, than catchments with little weathered and impermeable bedrock.
At the ZREO, catchments M3 and M4 have also shown the longest streamflow MTTs (Mosquera et
al., 2016b) and the highest baseflows (Mosquera et al., 2015) among the monitored catchments as a
result of a shallow spring water contribution to runoff (i.e., from the weathered mineral horizon or the
fractured shallow bedrock) (Correa et al., 2017). Altogether, these findings evidence that even when
the hydrology of the ZREO is in general controlled by water flowing in the shallower organic horizon
of the paramo soils (Mosquera et al., 2016a; Correa et al., 2017), it is feasible that in the presence of a
fractured parental material in other paramo catchments in the Andean region, their PasS., could be
much higher than that estimated at the ZREO outlet (M7, 457 mm).

Regarding the application of different methods for estimating catchments’ PasS capacity, past
investigations have yielded differing results (e.g., Brauer et al., 2013; Staudinger et al., 2017b). For
instance, at the Girnock catchment in the Scottish highlands, several methods used to estimate the
catchment’s PasS yielded different results. These methods included the streamflow MTT based
(PasS)) (Soulsby et al., 2009), a combination of distributed soil moisture and groundwater
measurements and hydrologic modelling (van Huijgevoort et al., 2016), bedrock geophysical surveys
(Tetzlaff et al., 2015b), and tracer—based hydrologic modelling (Birkel et al., 2011), with the estimated
PasS values yielded amongst these methods varying within two orders of magnitude. For this reason,
we further evaluated how our PasSq, estimations compared to those based on the monitoring of the
soils” hydrophysical properties (PasSgp)) and soil water MTTs (PasS)).

The PasSyp) estimates for the catchment outlet (M7) at field capacity and saturation (445 and 547
mm, respectively, Table 4) showed a remarkable agreement with respect to the PasSq, estimate (457
mm, Table 2). With respect to the PasS estimations based on the soil water MTTs (PasS)), due to the
landscape configuration, the isotopic signal of the water from the Andosols draining down the
hillslopes is already mixed at the valley bottom wetlands (Tetzlaff et al., 2014; Mosquera et al.,
20164a), and as a result, the storage estimations from the Histosols account for the Andosols storage.
The sum of the PasS) estimations at the organic horizons of the Histosols (i.e., at 25 and 45cm
depth), which resulted in a total PasS of 454 mm (Table 5), was also very similar to the PasSyq,
estimation. These findings evidence that PasSi, provides accurate estimates of the total catchment
PasS and that virtually the totality of the catchment water storage capacity of the ZREO outlet is
stored in the paramo soils. Thus, these results provide further evidence that overall, the contributions
from deep groundwater sources to runoff are minimal, as has been hypothesized in past studies at the
ZREO (Mosquera et al., 2016a, 2016b). These findings also evidence that the tracer signals from
different parts of the catchments become well mixed within the valley bottom wetlands (Mosquera et
al., 2016b) and that the integration of these signals provides accurate estimates of catchment passive
storage.

In this sense, it is worth noting that even though the streamflow based MTT method for estimating
passive storage (PasS.)) has been widely applied in past investigations (e.g., Soulsby et al., 2009;
Mcnamara et al., 2011; Tetzlaff et al., 2015b; Hale et al., 2016; Staudinger et al., 2017), the accuracy
of this method has been difficult to evaluate due the unobservable nature of large groundwater
contributions to PasS. In these sense, the ZREO hydrologic conditions, i.e., a system whose
hydrological behavior is dominated by shallow subsurface flow of water stored and resealed from the
little developed soils with little shallow groundwater contributions (Mosquera et al., 2016a, 2016b;
Correa et al., 2017), become ideal for investigating the accuracy of the PasS, method. Given that the
PasS(q) estimations for the outlet of the catchment lie within those yielded by the potential storage of
the soils (i.e., the PasSyp) estimations at saturation and field capacity), our results evidence that this
method yields accurate catchment PasS estimations.

Moreover, these results indicate that through the combined application of both these methods, one
could indirectly obtain estimations of groundwater contributions that to date, are still difficult to
quantify in the field or are estimated with high uncertainty using hydrologic modelling methods (e.g.,
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Birkel et al., 2011; Tetzlaff et al., 2014, 2015a; van Huijgevoort et al., 2016). For example, for
catchment M3, which is influenced by the additional contribution of water from a shallow spring
source to discharge, PasSyp estimations ranged between 399 and 472 mm at field capacity and
saturation, respectively. As the PasSg, for this catchment was 617 mm, and assuming that the
potential water storage capacity of the soils in this catchment is at saturation, it can be assumed that
the extra storage capacity provided by this catchment (i.e., the storage added by the additional spring
water contribution) is the difference between the PasS estimates yielded by these methods, i.e., about
145 mm. These results evidence the usefulness of both the PasS, and PasSgp methods to provide
indirect PasS groundwater estimations in catchments’ at other environments.

4.2. Catchments’ dynamic water storage

The dynamics of the daily water storage volumes (S(t)) mobilized into or out of the ZREO hydrologic
system revealed a fast system’s response to precipitation inputs with positive (i.e., recharge) and
negative (i.e., discharge) values oscillating around an stability values of zero during the monitoring
period (Figure 2). This effect can be likely attributed to the local precipitation, soil hydrophysical
properties, and atmospheric conditions at the ZREO. The rapid recharge of storage volumes likely
occurs as a result of the input of low intensity precipitation (Padrén et al., 2015) that recharges the
near saturated Histosol soils (Mosquera et al., 2016a) during rainfall events. On the other hand, as
precipitation inputs cease, the fast movement of water within the shallowest organic horizon of the
paramo soils can cause a rapid discharge from the Histosols water storage. Additionally, the
maintenance of the near saturated equilibrium conditions of these soils is likely caused by the high
year-round relative humidity (Cérdova et al., 2015) that helps reduce water losses due to
evapotranspiration (Kettridge and Waddington, 2014; Sprenger et al., 2017; Tunaley et al., 2017).
Effects that were enhanced during the wetter periods (i.e. March to May, when precipitation is of
higher intensity). During these periods, higher precipitation amount inputs caused a faster
recharge/discharge response most likely due to the rapid movement of water via subsurface later flow
within the shallow organic horizon of the hillslope soils that push out the water held at the riparian
wetlands (Mosquera et al., 2016a; Correa et al., 2017). An effect that in turn can increase the
discharge contributing areas (Nippgen et al., 2015; Birkel and Soulsby, 2016) and lead to rapid
changes on the storage volumes.

In regards to the catchments DynS in the long term, DynS ) values (29 — 35 mm, Table 2) for all the
catchments at the ZREO were low compared with those reported by Peters and Aulenbach (2011) (40
— 70mm), Buttle (2016) (30 — 77 mm), and Pfister et al. (2017) (107 — 373mm) at other ecosystems
with more drainable soils than those of the paramo. On the other hand, Staudinger et al. (2017) found
a wider range of values in Swiss pre—alpine and alpine catchments (12 — 974mm), where catchments
with similar values than the ZREO were rainfall-dominated ecosystems and presented relatively small
groundwater contributions. Soulsby et al. (2011) reported DynS ) values ranging between 2-36 mm
in a group of montane Scottish catchments with similar pedological and land cover conditions than at
the ZREO. These authors concluded that values close to 36 mm corresponded to catchments with
relatively compacted geology, whereas values close to 2 mm corresponded to catchments with high
groundwater contributions (i.e., fractured parental material). In addition, even though the porosity and
saturated hydraulic conductivity of the Histosols are relatively high in comparison to the Andosols at
the ZREO, because the presence of the former is almost exclusively restricted to flat areas with low
hydraulic gradients (i.e., valley bottoms and flat hilltops), their water movement is reduced and mostly
restricted to the shallowly rooted organic horizons (Mosquera et al., 2016a; Correa et al., 2017). In
this sense, our relatively small DynS 1, estimations indicate that the little available storage from the
shallow organic horizon of the Histosol soils that are near saturation along the year (Mosquera et al.,
2016a), allow for a small proportion, i.e., the remaining storage until the Histosols become saturated,
to be hydrologically active during runoff generation. These findings are supported by the estimated
DynSyr) to PasS., ratios of the ZREO. These ratios also depicted that only a relatively small
proportion of the water stored and available for mixing within the catchment is hydrologically active
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(i.e., 6 to 10% is active in the water balance, Table 2). These findings likely explain the rapid changes
in daily S(t) volumes (Figure 2) described above and the flashy discharge response to precipitation
previously reported at the ZREO (Mosquera et al., 2015, 2016b).

The anticlockwise hysteretic—loop pattern between the normalized fractional storage (S) and the
normalized fractional discharge (Qs) (Figure 3) identified at the event scale has also been determined
by field observations (e.g., Botter et al., 2009; Creutzfeldt et al., 2014; Beven and Davies, 2015;
Hailegeorgis et al., 2016) and modelling (e.g., Kirchner, 2009; Davies and Beven, 2015) at other
catchments. Direction that has proven to depend on different climatic, topographic, and parental
material catchment characteristics (Sproles et al., 2015). At the ZREO, the observed anticlockwise is
likely explained by the combined effect of the Histosols (wetlands) high water retention capacity and
the year—round input of low intensity precipitation. In effect, this trend suggests that when water enters
the system via precipitation at the beginning of the event, it initially infills the relatively little available
soils’ water storage reservoir before effective precipitation is released to the streams. Then, once a
certain threshold storage that depends on the antecedent moisture conditions is reached (Mosquera et
al., 2016a), the soils start releasing water to streams (black lines in Figure 3a and 3b). Once
precipitation ceases, the moisture gained by the soils allows for a sustained stormflow generation until
the end of the event (grey line in Figure 3a and 3b), when the system returns to an stability condition
(i.e., Ss = 0) because of the high water retention capacity of the soils, as has been reported by Fovet et
al. (2015) in poorly drained riparian zones at a headwater catchment in France. The consistent
anticlockwise direction observed during all monitored events at all catchments further evidences the
importance of the riparian Histosols in streamflow generation at the ZREO (Mosquera et al., 2016a;
Correa et al., 2017).

4.3. Factors controlling catchment storage

- Soils, vegetation, and topographic controls on passive storage

Past research at the ZREO has shown the importance of Histosol soils and wetlands’ vegetation cover
on the catchments’ water production (Mosquera et al., 2015). The high correlation between PasSq,
and the wetlands cover (i.e., Histosols + cushion plants) of our nested system of catchments (Table 6,
Figure 4) suggests that this soil type also influences the catchments’ available storage for mixing.
Similar hydrologic dependence on wetlands storage has been reported at the Scottish Highlands (e.g.,
Birkel et al., 2011; Tetzlaff et al., 2014; Geris et al., 2015a, 2015b, 2017). In addition, these findings
also confirm that for catchments with low groundwater contribution, the totality of PasS.q, depends on
their areal proportion of wetlands.—Additionally, the strong correlation between PasSg, with the
catchments’ mean annual discharge and runoff coefficients (r* > 0.73, Table 6), further evidences how
the wetlands storage influence runoff generation. Here, it is worth noting that even though wetlands
cover only a relatively small proportion of the monitored catchment areas (i.e., 13-24%, Table 1), they
control the catchments” water production and storage at the ZREO. These findings highlight the
importance and the fragility of riparian wetlands as the main — and in this particular case, the only —
water storage reservoir in ecosystems where the presence of peaty soil (i.e., Histosols) dominates.

We also identified some PasS variations among our monitored catchments worth highlighting. For
instance, even though two of our smaller headwater catchments M1 (0.20 km?®) and M2 (0.38 km?)
have similar areal proportions covered by wetlands (13-15 %), the smallest catchment M1 showed a
much larger PasSq) than M2 (394 mm versus 313 mm, respectively). On the other hand, even though
catchments M5 (1.40 km®) and M6 (3.28 km?) also have similar wetland coverage (2022 %), they
presented similar PasS.) (400-411 mm). These apparent discrepancies likely result from differences
in the catchments’ average slopes as a metric of topography. For example, the steepest topography of
catchment M2 (24%) in relation to M1 (14%) is likely to explain the lowest PasSq, of catchment M2.
On the contrary, catchments M5 and M6 have similar slopes (18-20%, Table 1), and that factor seems
to explain the similar amount of water stored by these catchments. Similar findings have been reported
on Scottish peat dominated catchments by Tetzlaff et al. (2014). These authors reported that low
gradient terrain produced poor drainage conditions, thus, ensuring high volumes of water retained in
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peaty soils throughout the year; whereas steeper terrain that enhances hydraulic gradients allows an
enhanced water movement, thus, reducing the amount of water stored in the soils. This combination of
factors influencing catchments’ PasS has also been reported at other studies with different soil types
(e.g., Sidle et al., 2001; Lehmann et al., 2007; Detty and McGuire, 2010; Soulsby et al., 2016).
Overall, these findings evidence that that even though we did not find a direct relationship between
our catchments’ average slopes and their PasSy, via correlation analysis, catchments’ topography
exerts controls in the amount of water available for internal mixing.

- Precipitation controls on dynamic storage

In the long term, the range of variation of DynS 1) among catchment was very small (29 — 35mm). As
a result, we could not attribute their spatial variability to any of the catchments’ features or
hydrological variables analyzed in this study. On the other hand, at the event scale, DynSs) showed
significant correlation with the monitored events’ maximum precipitation intensity (Figure 2). This
observation suggests that the amount of hydraulically active water linearly increases as the events’
maximum intensities increase. This effect likely results from the rapid filling of unsaturated pores in
the shallow organic horizon of the paramo soil, which get filled and augment the connectivity of
saturated soil patches as precipitation intensity and amount increases (Tromp—-van Meerveld and
McDonnell, 2006; Tetzlaff et al., 2014). Soulsby et al. (2016) found that Histosols at the riparian
zones had a rapid filling of stores by precipitation which enhances the connectivity with the hillslopes
that increases the DynS at the Scottish Girnock catchment that has very similarities with the ZREO.
This effect is also seen at our catchment causing a rapid activation of the soils’ little DynS available,
and which in turn results in a rapid delivery of water towards the stream network during rainfall
events.

5. Conclusions

Our findings can be summarized in the context of the celerity of the water flux and velocity of a tracer
in a hydrologic system. Celerity is related to the propagation speed of a perturbation within a
hydrologic system and velocity as the mass flux of a given tracer (McDonnell and Beven, 2014; Beven
and Davies, 2015). In these sense, the rapid response of streamflow to precipitation inputs during
rainfall events, i.e., the systems celerity, appears to be controlled by the precipitation intensity that
rapidly infills the relatively small available paramo soils pore space and causes a rapid discharge
response. On the other hand, the attenuation of the stable isotopic composition in streamflow in
relation to precipitation (Mosquera et al., 2016a) and the relatively high catchments’ PasS in the
organic horizon of the soils at the ZREO evidence that the velocity of the system is rather dictated by
the high water retention capacity of the paramo wetlands (i.e., Histosol soils). As a result, when
precipitation intensities increase, the system’s celery perturbation is enhanced, and, thus, causes a
rapid response in the little available DynS (minutes to hours), despite the efficient mixing of tracer in
the wetlands, which in turn causes water to be retained in the hydrologic systems from weeks to
months. These findings highlighting the vulnerability that changes in land use and climate, both likely
to affect the current hydropedological conditions of the paramo soils, could impact the ecosystem’s
water production and storage capacities and therefore, the importance of managing and preserving this
fragile ecosystem

Our evaluation of different methods to estimate PasS evidenced that the streamflow mean transit time
based method (PasS(q)) provided an accurate estimate in comparison to the hydrophysical soil
properties PasSypy and soil water MTT based (PasSs)) methods. In addition, for a catchment with an
additional contribution from a shallowly sourced spring water, the application of the PasSg) and
PasSgr) methods allowed for the estimation of the PasS contributed by this additional water reservoir.
These results shed new light into the usefulness of both the PasSq) and PasSgr) methods to provide
indirect PasS groundwater estimations at other catchments with relatively homogeneous soil
conditions, where the soils” hydrophysical properties can be readily characterized.
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