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ABSTRACT

Understanding how tropical montane catchments store and release water, and the resulting water ecosystem
services they provide is crucial for improving water resource management. But while research in high-elevation
tropical environments has made progress in defining streamflow generation processes, we still lack fundamental
knowledge regarding water storage characteristics of catchments. Here we explore catchment storage and the
factors controlling its spatial variability in seven Pdramo catchments (0.20-7.53 km?) in southern Ecuador. We
applied a field-based approach using hydrometeorological, water stable isotopic, and soils hydrophysical data
from a 3 year collection period to estimate the passive (PasS) and dynamic (DynS) storage of the catchments. We
also investigated relations between these storages and landscape and hydrometric variables using linear re-
gression analysis. PasS estimates from hydrophysical soil properties and soil water mean transit times were
consistent with estimates using streamflow mean transit times. Computed catchment PasS and DynS for the seven
watersheds were 313-617 mm and 29-35 mm, respectively. PasS increased directly with the areal proportion of
Histosol soils and cushion plant vegetation (wetlands). DynS increased linearly with precipitation intensity.
Importantly, only 6-10% of the mixing storage of the catchments (DynS/PasS) was hydrologically active in their
water balance. Wetlands internal to the catchments were important for PasS, where constant input of low in-
tensity precipitation sustained wetlands recharge, and thus, the water regulation capacity (i.e., year-round water
supply) of Pdramo catchments. Our findings provide new insights into the factors controlling the water reg-
ulation capacity of Pdramo catchments and other peaty soils dominated environments.

1. Introduction

controlling the water production capacity of this ecosystem (e.g., Roa-
Garcia and Weiler, 2010; Buytaert and Beven, 2011; Crespo et al., 2011,

Mountainous headwaters provide key water-related services for
downstream ecosystems and populations worldwide (Viviroli et al.,
2007). This is particularly true for headwater tropical ecosystems
(Aparecido et al., 2018; Asbjornsen et al., 2017; Hamel et al., 2017),
such as the Andean Paramo, which occupies over 30,000km? 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 (i.e., sustained streamflow pro-
duction during a water year) capacity are two of the most important
(Buytaert, 2004; Poulenard et al., 2003). While recent Paramo hy-
drology research has focused on the investigation of the factors

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.

Water regulation by headwater catchments 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 sto-
rage’). 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) and how storage regulation and
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Nomenclature

DynS Dynamic storage

DynSsy) Event scale DynS

DynSqr) Long-term DynS

ET, Actual evapotranspiration
ETaecumy Cumulative ET,

ET, Reference evapotranspiration
f conversion factor from ET, to ET,
i Mean annual discharge

MTT Mean transit time

P Precipitation

Preumy Cumulative P

PasS Passive storage

PasSpy PasS estimated from the soils’ hydrophysical properties
PasS.q  PasS estimated from the streamflow MTT
PasSisy  PasS estimated from the soils’ MTT

Q Discharge/streamflow

Qccumy Cumulative Q

Q Normalized fractional Q

S Water balance based storage volume at time ¢t
Sf Normalized fractional storage

TB Tracer based

TTD Transit time distribution

WBB Water balance based

ZEO Zhurucay Ecohydrological observatory

6 Soil moisture content

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 re-
mains difficult because of its largely unobservable nature (Hale et al.,
2016) and the marked internal (i.e., subsurface) spatial heterogeneity
within and among catchments (Seyfried et al., 2009; Soulsby et al.,
2008). In response to this, different approaches such as gravimetric
techniques (Hasan et al., 2008; Rosenberg et al., 2012), cosmic ray soil
moisture observations (Heidbiichel et al., 2015), soil moisture mea-
surements (Grant et al., 2004; Seyfried et al., 2009), streamflow re-
cession analysis (Birkel et al., 2011; Kirchner, 2009), water balance
based (WBB), and tracer-based (TB) techniques (e.g., stable isotopes)
(Birkel et al., 2011; Hale et al., 2016; Mcnamara et al., 2011) have been
applied in order to investigate these important feature of the hydrologic
cycle. Among these, the combination of techniques has proven to pro-
vide 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
695000
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9661000
9661000

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 referred as PasS).
However, to date, only few studies have investigated storage combining
different techniques (e.g., Pfister et al., 2017; Staudinger et al., 2017).
Few studies too have yet quantified the relation between catchment
storage and catchment features (e.g., rainfall temporal variability, ve-
getation, soils, geology) and this remains an open question in hydro-
logical science (Mcnamara et al., 2011).

Most studies of catchment storage dynamics to date have been
conducted in single catchments and using only one of the aforemen-
tioned storage quantification methods. The few comparative studies
have 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 (Hale et al., 2016; McGuire et al.,
2005). Bedrock geology has also been found to control catchment sto-
rage dynamics in 16 catchments in Luxembourg (Pfister et al., 2017);
whereas catchment elevation controlled storage in 21 Alpine Swiss

Fig. 1. Location of the study area and the

hydrometric and isotopic monitoring net-
work within the Zhurucay Ecohydrological
Observatory for: Streamflow (M),
Precipitation (P), Andosol (A), and Histosol
(H) soils. The solid black lines shown in the
figure represent the transects used to char-
acterize the soils’ hydrophysical (HP) prop-
erties every 150 m within the catchment.
*Only rainfall amount data were collected at
stations P3 and P4.
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catchments as linked to snow versus soil water storage (Staudinger
et al., 2017).

Despite these recent efforts aimed 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 tro-
pics) where detailed WBB and TB information are usually lacking. Here
we take advantage of a unique dataset of hydrometeorological and
isotopic information collected in the nested system of headwater
Andean Paramo catchments of the Zhurucay Ecohydrological
Observatory (Mosquera et al., 2016a, 2016b; Mosquera et al., 2015).
We present new WBB and TB storage estimations using these data, in
combination with detailed information on the biophysical features of
the landscape (e.g., soil type, vegetation cover, geology, topography,
rainfall temporal variability) and soils’ hydrophysical properties of the
monitored catchments. Our overarching question for this work is: how
do vegetation, soils, and precipitation dynamics control passive and
dynamic storage across catchments? Our specific research goals s are:
1) to compare different PasS calculation methods in order to validate
the TB PasS estimations; 2) to quantify the PasS and DynS of the
catchments at different temporal scales (event-based to few years); and
3) to examine whether catchment features, if any, control their PasS
and DynS. Information that is urgently needed to improve the under-
standing of the factors that control the water-related ecosystem services
(i.e., water production and regulation) provided by the Pdramo and the
management of water resources of peat-dominated catchments in tro-
pical regions and elsewhere.

2. Materials and methods
2.1. Study site

The study site is the Zhurucay Ecohydrological Observatory (ZEO),
located in south Ecuador. The ZEO is situated on the western slope of
the Pacific-Atlantic continental divide within the Andean Mountain
range. The observatory expands over an altitudinal range between 3400
and 3900 m a.s.l. (Fig. 1). The climate is influenced by both, Atlantic
and Pacific regime (Crespo et al., 2011). Mean annual precipitation is
1345 mm with minimal seasonality. Rainfall is composed mainly of
drizzle year-round (Padrén et al., 2015). Mean annual temperature is
6.0 °C and mean annual relative humidity is 90% at 3780 m a.s.l. within
the study site (Cordova et al., 2015).

The geomorphology is dominated by glaciated U-shape valleys with
an average slope of 17%. Most of the land surface (69%) has slopes

Table 1
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below 20%; 5% of the catchment has slopes > 40% (Table 1; Mosquera
et al.,, 2015). The geology of the observatory is composed of mostly
volcanic rocks compacted by glacial activity (Coltorti and Ollier, 2000).
Two geologic formations dominate the site: (1) The late Miocene
Quimsacocha formation is composed of basaltic flows with plagioclases,
feldspars, and andesitic pyroclastics and (2) the Turi formation com-
posed of tuffaceous andesitic breccias, conglomerates, and horizontal
stratified sands.

The soils in the study area are mainly Andosols and Histosols (IUSS
Working Group WRB, 2015). These soils were formed by the accumu-
lation of volcanic ash 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 ob-
servatory and are mainly found on the hillslopes; while the Histosols
cover the remaining 24% and are found mainly in flat areas at valley
bottoms and toe slope position (Mosquera et al., 2015). Vegetation at
the study site is composed by Cushion plants (Plantago rigida, Xeno-
phyllum humile, Azorella spp.), mosses, and lichens mainly covering the
Histosols. Tussock grass (Calamagrostis sp.) covers the Andosols. In the
ZEO, as in most undisturbed Paramo areas, the areal proportion of
Histosol soils and cushion plants is strongly correlated (R? = 0.74,
p =0.01) and have led to the formation of “Andean wetlands”
(Mosquera et al., 2016a), and hereafter we refer to them simply as
wetlands.

2.2. Hydrometric information

Discharge, precipitation amount, and meteorological variables were
recorded continuously from November 2011 to November 2014.
Discharge was measured in seven nested catchments. It was measured
using V-notch weirs in catchments M1-M6 and a rectangular weir at the
largest/outlet catchment (M7, Fig. 1). The weirs were instrumented
with Schlumberger pressure transducers with a precision of = 5mm.
Water levels were recorded at a 5-minute resolution and transformed
into discharge using the Kindsvater-Shen relationship (U.S. Bureau of
Reclamation, 2001). Discharge equations were calibrated using con-
stant rate salt dissolution measurements (following Moore, 2004). Even
though the use of a single rain gauge for monitoring precipitation
amounts is common in headwater catchments (e.g., Buttle, 2016; Cowie
et al., 2017; Pearce et al., 1986; Safeeq and Hunsaker, 2016; Sidle et al.,
1995), we used 4 HOBO tipping bucket rain gauges with a resolution of
0.2 mm to capture the spatial variability of precipitation within the ZEO

Landscape features and hydrometric variables of the nested system of catchments of the ZEO (From Mosquera et al., 2015).

Catchment Area (km?) Slope (%) Distribution of soil types (%)

Vegetation Cover (%)

Geology (%)

Andosol Histosol Tussock grass Cushion plants Polylepis Forest Pine Forest Turi Quaternary Deposits Quimsacocha

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 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
Catchment Precipitation (mm y~ ') Total Runoff (mm y~ %) Runoff Coefficient Flow rates, as frequency of non-exceedance (1 s~ ! km™?)

Qmin Q10 Q30 Q50 Q70 Q90 Qmax
M1 1300 729 0.56 0.7 2.7 6.6 14.3 26.4 50.1 1039.0
M2 1300 720 0.55 1.2 4.8 7.9 14.9 26.7 49.0 762.9
M3 1293 841 0.65 2.3 7.3 10.8 17.7 28.1 52.4 894.2
M4 1294 809 0.62 4.2 6.2 9.8 16.6 27.3 52.1 741.2
M5 1267 766 0.60 1.5 4.1 8.3 15.3 26.9 50.8 905.7
M6 1254 786 0.63 1.2 3.7 8.2 15.9 27.5 53.2 930.4
M7 1277 864 0.68 1.9 4.0 8.7 15.2 29.2 60.8 777.9
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(Sucozhanay and Célleri, 2018; Fig. 1). We selected these rain gauges
since they have shown to provide optimal spatial distribution of pre-
cipitation within the Zhurucay Observatory with no bias and low mean
daily precipitation errors (< =* 0.25mm) in comparison to the use of a
dense network of rain gauges (n = 13; Seminario, 2016). We used the
Kruskal-Wallis test at a statistical significance level of 0.05 to evaluate
differences among the 3-years rainfall data recorded by the 4 rain gages
used in this study. Results from the test showed no significant differ-
ences (p-value > 0.05) among the rainfall data, as has been previously
reported in nearby Paramo areas (Buytaert et al., 2006), we applied the
Thiessen polygon method to these data to estimate precipitation at each
of our seven monitored catchments.

Meteorological variables were also recorded using a Campbell
Scientific meteorological station co-located with the tipping bucket P1
(Fig. 1). Air temperature and relative humidity were recorded with a
CS-215 probe protected with a radiation shield. Wind speed was re-
corded using a Met-One 034B Windset anemometer and solar radiation
was recorded with a CS300 Apogee pyranometer. We estimated re-
ference evapotranspiration (ET,) for each of our study catchments using
the FAO-56 Penman-Monteith equation (Allen et al., 1998). For this
purpose, we used the near-surface air temperature lapse rate de-
termined by Cordova et al. (2016) in a nearby Paramo area to correct
for differences in air temperature with elevation at each of our catch-
ments. No corrections for wind speed, relative humidity, and solar ra-
diation were carried out considering the size of the study area
(< 10km?) and that these environmental variables have shown only
limited influence on ET, estimations within the study area (Cordova
et al., 2015).

2.3. Characterization of the soils’ hydrophysical properties

Given that the sampling of soils in the study area is labor intensive
due to the harsh environmental conditions, we selected three transects
(Fig. 1) to collect soil samples for soil properties analyses. Since the
physiographic position along the landscape, i.e., valley bottom, toe
slope, lower slope, middle slope, upper slope, and hilltop (following
FAO, 2009; Schoeneberger et al., 2012), has shown to influence the
spatial variability of soil properties in the PAramo (Guio Blanco et al.,
2018); the transects were selected to capture this variability among
physiographic positions within the catchment. Soil samples were col-
lected at 45 sampling locations (in total) almost equally distributed
every 150 m along the selected transects to capture the variability of the
soil properties at different physiographic positions. At each sampling
location, we characterized the soil depth, soil types, soil horizons (or-
ganic and mineral), and the thickness of each horizon. As the presence
of Andosol and Histosol soils dominates in our study area, we used the
criteria of the IUSS Working Group WRB (2015) to classify their hor-
izons’ types. For both soil types, the organic horizon corresponded to
soils with organic matter contents higher than 5% and bulk densities
lower than 0.90 g cm ™3, whereas the mineral horizon presented organic
matter contents lower than 5% and bulk densities higher than
0.9gcm ™3,

Additionally, we collected three undisturbed soil samples of
100 cm® using steel rings (5 cm diameter) at each sampling location and
soil horizon. Following collection, the samples were saturated via ca-
pillary rise from a saturated sand support for analysis of the soil water
tension—water content (0) relationships at saturation (pF 0) and field
capacity (pF 2.54) at the Soil Hydrophysics Laboratory of the University
of Cuenca. The 0 at saturation was obtained via gravimetry after the
saturated samples were dried up in an oven at 105 °C for 24 h and at
field capacity via the ceramic plates system method (USDA and NRCS,
2004). The 0 values are reported as volumetric moisture (cm® cm ~3).

2.4. Collection and analysis of isotopic data

Weekly water samples for oxygen-18 (*80) isotope analysis were
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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. Given the potential spatial variability of the isotopic com-
position of rainfall (Fischer et al., 2017), water samples in precipitation
were collected using two rain collectors located at 3780 and 3700 m
a.s.l. (P1 and P2 in Fig. 1, respectively). Precipitation water samples
were collected using circular funnels connected to polypropylene rain
collectors covered with aluminum foil and with a 5mm mineral oil
layer to reduce evaporation of the stored water (IAEA, 1997). 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) (Fig. 1). The wick samplers
were built with 9.5 mm-diameter fiberglass wicks connected to a
polypropylene container of 30 X 30 cm (following 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 1.5L 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 orga-
nic-mineral horizons interface. In the Andosols, they were placed at 25
and 35cm depths in the organic horizon and at 65cm depth in the
shallowest part of the mineral horizon. The wick samplers in the His-
tosols were located in flat zones at the valley bottoms near the streams,
whereas in the Andosols they were located at the middle and bottom
parts of a hillslope. Rainfall and soil water samples were filtered using
0.45 pm filters in order to minimize organic matter contamination. The
collected water samples were stored in 2 ml amber glass bottles, cov-
ered with parafilm, and kept away from sunlight to minimize any
fractionation by evaporation.

A cavity ring-down spectrometer (Picarro L1102-i) was used to
measure the & 180 isotopic composition of the water samples with a
0.1%o precision. To diminish the memory effect in the analyses (Penna
et al., 2012) and considering that this effect increases when samples
from different water types (e.g., precipitation, streamflow, soil water,
groundwater) are analyzed together in individual runs, we analyzed
water samples of the same type in each run to minimize the memory
effect. In addition, we applied six sample injections and discarded the
first three as recommended by the manufacturer to further reduce this
effect. For the last three injections, we calculated the maximum &§'%0
isotopic composition difference and compared it with the analytical
precision given by the manufacturer and the standard deviation of the
isotopic standards used for the analyses (0.2%o for oxygen-18). Samples
that showed measurement differences larger than this value were re-
analyzed. 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 com-
pounds. Those samples were excluded from the analysis. Isotopic con-
centrations are presented in the § notation and expressed in per mill
(%0) 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
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catchment features (i.e., relatively homogeneous soil distribution and
compact geology) and low seasonal variation of hydrometeorological
conditions at the ZEO, justify this assumption in our study catchment
Mosquera et al. (2016b). This method transforms the input tracer signal
(precipitation or snowmelt; 8;,) into the output tracer signal (stream,
soils; 8qgup):

L7 g@w(t — 18, (t — 1)dr
L7 g@w(t - n)dr

Sout (1) =
(€Y

where, 7 is the integration variable representing the MTT of the tracer,
(t — 7) is the time lag between the input and output tracer signals, g(t)
is the transit time distribution (TTD) that describes the tracer’s sub-
surface transport, and w(t) is a recharge mass variation function. The
latter was applied to take into account the temporal variability in re-
charge rates by weighting the input isotopic composition based on
precipitation amounts (McGuire and McDonnell, 2006). As precipita-
tion isotopic composition varies as a function of elevation within the
study site, the precipitation input signal for each catchment was cor-
rected using the isotopic lapse rate determined for the ZEO. That is, an
increase of 0.31%o in 880 per 100 m decrease in elevation (Mosquera
et al., 2016a) We used this isotopic lapse rate and the mean elevation of
each study catchment to correct the weekly isotopic data obtained from
our two rain gauges used to monitor the input isotopic signal in our
study catchment (Mosquera et al., 2016b).

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 ZEO, the TTD that best re-
presented 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

We define passive storage as:
)

where: i is the mean annual discharge over the period MTT was esti-
mated for each catchment or soil horizon. We estimated PasS based on
the streamflow MTTs (Table 2) of the nested system of catchments re-
ported by Mosquera et al. (2016b) using the same methodology de-
scribed in the Section 2.5, and hereafter referred as PasSq).

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’ PasSq, is represented by the soils. The first approach was
based on the soils’ hydrophysical properties (hereafter referred as
PasSyp)). Given the high water retention capacity of the Pdramo soils
and the sustained year-round rainfall at the study site (Padron et al.,
2015), we assumed that their soil moisture content remained high and
near saturation conditions throughout the year (Buytaert, 2004). We
also assumed that the contribution of the soils to the catchment PasS

PasS = MTT = i

Table 2
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should be between saturation and field capacity. As such, we used the
s at pF 0 (saturation) and pF 2.54 (field capacity) to estimate the water
storage for each soil horizon at each of the positions where these soils’
hydrophysical properties were measured along the landscape as fol-
lows:

PasSpp k) = GGy * diky 3)

where PasSgp) represents the soil water storage and d the re-
presentative depth of the soil horizon j (i.e., organic or mineral) at
position k across the landscape (i.e., from valley bottom to hilltop)
where soil moisture 0 (at saturation or field capacity) was measured.
Using this approach and mapping the landscape surface that corre-
sponded to the different positions k, we estimated the water storage in
the soils at each of these positions for the whole catchment. For ex-
ample, for estimating the PasSp, 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).
The total catchment PasSp) was then calculated as the sum of PasSp)
at all monitoring positions for both the organic and mineral horizons at
saturation and field capacity.

The second approach was based on the soil water MTT estimations
(hereafter referred as PasSs)). The average of the volume of water
stored in the bottles used for the weekly collection of soil water samples
was used to estimate the i (discharge) value in Eq. (2). This volume was
converted to discharge by dividing it to the area of the samplers
(30 cm X 30 cm).In this way, we estimated the PasS s, for each soil type
at each monitoring depth and position within the landscape. Given that
the tracer signal at an outlet point within a catchment accounts for the
mixing of all the flow paths above such points (McGuire and
McDonnell, 2006), this approach represents directly the storage of all
the water draining down towards the outlet point. Consequently, no
further integration of different landscape units is needed. This contrasts
with the other alternative method where PasSp) requires an integra-
tion of the water stored at different parts of the landscape.

2.7. Dynamic storage estimation

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

S(t) = P(1) — Q1) — ET(¢) 4

where: S(t), P(t), Q(t) and ET,(t) are the storage volume, precipitation,
streamflow, and actual evapotranspiration at time t, respectively. The
long-term DynS (hereafter referred as DynSqr)) of the nested catch-
ments was then defined as the difference between the maximum (S,,4,)
and the minimum (S,,;,) daily storage volumes obtained from Eq. (3)
over the period of analysis.

Actual evapotranspiration was estimated as:

EL =f*ET, (5)

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

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

Catchment Streamflow MTTs* (days) Passive Storage (mm) Dynamic Storage (mm) Dynamic Storage/Passive storage (%)
M1 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) 539 (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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Table 3

Journal of Hydrology 572 (2019) 805-819

Hydrophysical properties for each soil type, horizon, and position within the ZEO and passive storage estimations based on these properties (PasSgp)) in relation to
the areal extent of each of them with respect to the total basin area, M7. PasSp) estimates were calculated for the soils’ moisture contents (6) at field capacity (FC, pF
2.54) and saturation (Sat, pF 0) conditions. “As a percentage of total catchment area (7.53 km?). “Total PasS yp) per soil type (Andosol and Histosol soils) and horizon

(organic and mineral).

Hillslope position  Soil type  Slope Soil thickness ~ Area”  Number of samples  6jc Osar PasSp) Total™
FC Sat FC Sat
(%) (cm) (%) (em®*em™®  (m®*em™) (mm) (mm) (mm) (mm)
Organic Horizon ~ Valley bottom Histosol 1-5 70 0.9 27 0.62 0.90 17 24 441 623
Toe slope Histosol 5-15 70 23.1 5 0.63 0.89 424 599
Andosol 40 3.5 5 0.62 0.72 11 13 230 264
Lower slope Andosol 15-32 30 22.0 5 0.67 0.83 58 72
Middle slope Andosol 32-40 35 333 10 0.69 0.76 106 117
Upper slope Andosol 40-56 38 7.8 5 0.65 0.74 25 29
Andosol >56 38 5.6 4 0.65 0.74 18 21
Summit Andosol 1-5 34 3.7 7 0.65 0.73 11 12
Mineral Horizon  Valley bottom Histosol 1-5 50 0.9 27 0.54 0.65 10 13 270 325
Toe slope Histosol 5-15 50 23.1 5 0.54 0.65 260 312
Toe slope Andosol 30 3.5 5 0.50 0.53 7 7 131 156
Lower slope Andosol 15-32 30 22.0 5 0.46 0.56 40 49
Middle slope Andosol 32-40 30 33.3 10 0.46 0.56 61 74
Upper slope Andosol 40-56 20 7.8 5 0.46 0.53 9 11
Andosol >56 20 5.6 4 0.46 0.53 7 8
Summit Andosol 1-5 31 3.7 7 0.46 0.53 7 8

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 DynS gs)).
These events were defined as runoff response to rainfall inputs where
discharge increased from below low flow values (Smakhtin, 2001) —
below Q35 non-exceedance flow rates (determined as low flows at the
ZEO, Mosquera et al., 2015) — to values higher than this threshold
during the duration of the events. We further used the minimum inter-
event time criteria, defined as the minimum time lapse without pre-
cipitation between two consecutive events (Dunkerley, 2008), to se-
parate the precipitation time series into rainfall events. Given that at
the study region rainfall occurs frequently and is sustained along the
year (Padron et al., 2015), we selected a minimum inter-event time of
6-hr to define independent events. Although rainfall-runoff events were
evaluated at all catchments, only the results for the outlet of the
catchment (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 Sy and fractional discharge Q; (Davies and Beven,
2015). These values are defined as the storage and discharge volumes as
fractions of the PasS.y (i.e., Sf= S/PasS(p and Qs = Q/PasS(q), re-
spectively), 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 (Qumy), cumu-
lative P (Pcymy), cumulative ET, (ETqqcum), the minimum, mean, and
maximum rainfall intensity, as well as the antecedent wetness condi-
tions of the catchment represented as the amount of antecedent pre-
cipitation over different time periods (7 and 14 days before each event)
for each of the 42 events to investigate the influence of these hydro-
meteorological variables on DynSgs).

2.9. Statistical analysis between storage and landscape—hydrometric
features

We conducted a Pearson linear correlation analysis between the
estimates of PasS.q and DynSur) and different landscape features
which included: catchment area, soil type, vegetation cover, geology,
and average slope of each catchment. We also conducted a linear
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correlation analysis between PasS.q and DynSy) 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 DynS sy with all the hydrometeorological variables
estimated for the rainfall-runoff events (Section 2.8). All correlations
were evaluated using the determination coefficient (R?) at a statistical
significance level of 0.10 (i.e., 90% confidence level) using the t-stu-
dent test.

3. Results
3.1. Catchment water passive storage

3.1.1. Streamflow MTT based catchment passive storage estimations

The PasSq variation among the catchments was relatively large
(304 mm). These estimates 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).

3.1.2. Hydrophysical soil properties based catchment passive storage
estimations

The hydrophysical properties of the soils (i.e., 6 at pFs 0 and 2.54)
located at the different landscape positions and their areal extent within
the ZEO are presented in Table 3. The Histosols were only found at the
valley bottom and toe slope positions. Their average thickness was
70 cm for the organic horizon and 50 cm for the mineral horizon. His-
tosols were normally found in low relief areas with slopes between 1
and 15%. They presented the highest Os at saturation (pF 0) for the
organic (0.89-0.90 cm® ecm~3) and the mineral horizon (0.65cm®
cm ™~ 3). The organic horizon of the Histosols had significantly higher s
at field capacity (pF 2.54; 0.62-0.63 cm® cm™>) in comparison to the
mineral horizon (0.54 cm® cm™2). The Andosols on the other hand,
were found from the toe slope to the summit positions with slopes
between 1 and 56%. Their thickness was more variable than for the
Histosols, and ranged between 30 and 40 cm for the organic horizon
and 20-30 cm for the mineral horizon. The 6 values at saturation of the
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organic horizon of the Andosols (0.72-0.83 cm® em™3) were more

variable than those of their mineral horizon (0.53-0.56 cm® cm ~3). For
both horizons, these values were significantly lower than for the His-
tosols. Their 6 values at field capacity for the organic horizon of these
soils (0.62-0.69 cm® mm ~3) were more variable and higher than those
for their mineral horizons (0.46-0.50 cm® cm™2).

The PasSpy) was variable among the different soil types and hor-
izons at the different positions in the landscape (Table 3). The PasSp)
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). In-
tegrating these PasSp) values to the catchment scale using the areal
proportions of the catchment covered by each soil type, the PasSp) at
the outlet of the basin (M7) were 445 mm at field capacity and 547 mm
at saturation (Table 4).

3.1.3. 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 shal-
lower 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 PasSs, for each soil type at each monitoring
depth (Table 5). Andosols showed PasSs, values ranging between 14
and 49 mm, with the highest contribution from the mineral horizon (at
65 cm depth). Histosols showed higher PasSs), values. Similar to the soil
water MTTs, these values increased with depth. PasS, was 191 and
263 mm at the shallower organic horizons and 304 mm at the orga-
nic-mineral horizon interface (at 65cm depth). Based on the PasSs,
values at each soil type and horizon, the water storage was 97 mm for
the Andosols and 759 mm for the Histosols.

3.2. Catchment water dynamic storage

3.2.1. Long-term dynamic storage estimations

The catchments DynS..r) ranged from 29 to 35 mm, showing little
differences among subcatchments (6 mm). Similar to the PasSy),
catchments M3 and M4 showed the maximum values, while the
minimum value corresponded to M7. The fractions of DynS.r to
PasS g varied between 6 and 10% among the catchments (Table 2).

Fig. 2 shows the daily temporal variability of the WBB catchments’
water storage volume. The system showed a very flashy response of
storage volume to precipitation but normally returned to a condition
with S() of approximately Ommday~'. Negative values (S
(® < Ommday™!; when the system loses or discharges higher
amounts of water than the inputs) and positive values (S
(® > 0mmday ™ !; when the system gains or receives higher amounts
of water than it discharges) occurred at approximately the same fre-
quency (53 and 47%, respectively).

3.2.2. Event-based dynamic storage estimations

The 42 rainfall-runoff events selected for the analysis represented a
wide variety of hydrometeorologic conditions during the study period.
The P.m) at the end of the events ranged between 0.2 and 56.0 mm;
with Qccumy varying between 1.2 and 52.8 mm, ET,ym) between 0.1 and
16.6 mm, and DynSs) between 0.07 and 1.91 mm. In addition, max-
imum, mean, and minimum P intensities during the events were in the
range of 0.6-22.3mmh ™, 0.1-5.4mmh ™", and 0 to 1.1 mmh™?, re-
spectively. Antecedent P for 7 and 14 days prior to the start of the
events ranged between 2.6 and 68.5 mm and 15.8-113.3 mm.

The temporal variability of Sy during the events was similar for all
catchments. A representative storm for the catchment (M7) outlet is
shown in Fig. 3. The event had a total duration of 50 h and during this
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period Peymy and Qeumy Were 32.2 and 32.3 mm, respectively. Fig. 3
shows that at the beginning of the event (tp), the system was neither
storing nor releasing water (with S; = 0). During the first 17.7 h (t;) of
the event, 82% of the P,m) entered to the system. During this hydro-
graph rising limb (black line in Fig. 3a), the catchment both released
water via Q in response to the P inputs but was also dynamically re-
charged (Sy > 0 mm). Thereafter, and once rainfall intensity decreased,
the system continued to change from a diminished recharge state to a
releasing water state until t, at around 18.3 hr. This period of water loss
from the catchment was mostly linear. The hydrograph peak (t,) was
mostly caused by contribution of the moisture from the recharged
system rather than from precipitation inputs directly (i.e. the black line
in the negative region of the S; during the t;—t, period in Fig. 3b). After
rainfall cessation, the release of water from the catchment continued
until t3 (18.6h). At this point, the hydrograph recession decreased
linearly until the end of the event, when the system again reached a
stability condition (Sf = 0 mm) at 50 h (t). The Sy dynamics at the event
scale formed an anticlockwise hysteretic loop. All of the monitored
events at all catchments followed the same hysteretic direction.

3.3. Relations between storage metrics and landscape features and
hydrometric variables

The PasSq) for our nested catchments was significantly positively
correlated with mean annual Q (R? = 0.73, p = 0.07), runoff coeffi-
cient (R? = 0.75, p = 0.06), and high flows represented by the Qg
non—exceedance flows (R? = 0.67, p = 0.09) (Table 6). PasS g, 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) (Fig. 4). Even though si-
milar correlation trends were found between the catchments’ PasS g
and their soils’ areal extent (i.e., positive for the Histosols and negative
for the Andosols), these correlations were not statistically significant
(R? < 0.55, p > 0.15). The latter was most likely as a result of the
higher uncertainty in the soil type distribution mapping of the ZEO in
relation to the vegetation distribution mapping that was better char-
acterized directly in the field (Mosquera et al., 2015).

For the DynS ;) estimations calculated from the daily WBB analysis,
we found statistically significant correlations with landscape and hy-
drologic 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 hydro-
meteorological variables and the DynS s, during the events monitored
at the outlet of the basin, M7, we identified non-significant correlations
between this storage metric and most hydrometeorological variables
(R? < 0.30, p > 0.10). These variables included the Pieumys Qeeumds
ETqccumy» mean and minimum P intensities, and 7 and 14 days accu-
mulated antecedent P. The only significant correlation found was

Table 4

Passive storage estimations based on the soils’ hydrophysical properties
(PasSup)) at field capacity (FC) and saturation (Sat) for the organic and mineral
horizon of the Andosols and Histosols (Table 3) and the integration of these
storages to the catchment outlet, M7, based on the areal extent of each soil type
within the ZEO. "Total PasSp) = Organic horizon PasSp) + Mineral horizon
PasS p).

FC Sat

(mm) (mm)

Histosol Andosol Histosol Andosol
Organic horizon 441 230 623 264
Mineral horizon 270 131 325 156
Total PasSqp)” 711 361 948 420
Soil type percentage (%) 24 76 24 76
Catchment PasS gp) 445 547
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Table 5

Soil water discharge (i), soil water MTTs, and soil water TB passive storage
(PasSs)) 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 0.34 144 (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)

between the DynSs) and the maximum P intensity during the events
(R%2 = 0.91, p < 0.001, Fig. 5).

4. Discussion

Hydrologic services provided by natural ecosystems help improve
the well-being of surrounding and downstream societies (Brauman
et al., 2007). However, there is still an important knowledge gap re-
garding the relation between the (eco)hydrological behavior of catch-
ments (e.g., water storage and release) and the hydrologic services (e.g.,
water production and regulation) that they provide (Sun et al., 2017).
Our work presented here on how catchment storage influences the
Paramo water regulation capacity shows how highly organic and
porous peaty Paramo soils (Histosols) and the local environmental
conditions (high humidity and year-round low intensity precipitation)
interact to control the water regulation capacity of the ecosystem.
Below we discuss key findings and contextualize our work with other
sites where peaty soils dominate in the tropics and elsewhere.

4.1. Passive water storage at the catchment scale

4.1.1. Comparison of passive storage estimation methods

Regarding the application of different methods for estimating the
catchments’ PasS capacity, past investigations have yielded differing
results (e.g., Brauer et al., 2013; Staudinger et al., 2017). 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.q)) (Soulsby et al.,
2009), a combination of distributed soil moisture and groundwater
measurements and hydrologic modelling (van Huijgevoort et al., 2016),
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bedrock geophysical surveys (Tetzlaff et al., 2015a), 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 first evaluated how our streamflow MTT
based passive storage PasSq) estimations compared to those based on
the monitoring of the soils’ hydrophysical properties (PasSp)) and soil
water MTTs (PasSs)).

The PasSyp) estimates for the catchment outlet (M7) at field capa-
city and saturation (445 and 547 mm, respectively, Table 4) showed a
remarkable agreement with respect to the PasS¢) estimate (457 mm,
Table 2). For PasS estimations based on the soil water MTTs (PasSs)),
landscape configuration affected the isotopic signal whereby the water
from the Andosols draining down the hillslopes was already mixed at
the valley bottom wetlands (Mosquera et al., 2016a; Tetzlaff et al.,
2014). As a result, the storage estimations from the Histosols added to
the Andosols storage. The sum of the PasS s, estimations of the organic
horizons of the Histosols (i.e., at 25 and 45 cm depth) resulted in a total
PasS of 454 mm (Table 5). This values was also very similar to the
PasSq) estimation. These findings suggest that PasSq) provides accu-
rate estimates of the total catchment PasS and that catchment water
storage capacity of the ZEO outlet is effectively stored in the Pdramo
soils. Consequently, deep groundwater sources to runoff are minimal, as
has been hypothesized in past studies at the ZEO (Correa et al., 2017;
Mosquera et al., 2016a,b). These findings also suggest 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 catch-
ment passive storage.

Streamflow based MTT has been used to estimate passive storage
(PasS(q)) 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). But the accuracy of this method has been difficult to evaluate
due the unobservable nature of large groundwater contributions to
PasS. In these sense, the ZEO hydrologic conditions—where we can
exclude a groundwater component—is an ideal site for investigating the
accuracy of the PasSq) 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 PasSp) estimations at saturation and field
capacity), our results show that this method yields accurate catchment
PasS estimations.

In other catchments, we hypothesize that through the combined
application of both these methods, indirect estimations of groundwater
contributions can be obtained. Contributions that are still difficult to
quantify in the field or are estimated with high uncertainty using

~0 <~ Fig. 2. Daily precipitation and change of sto-
[ m r | T rage volume S(t) at the outlet of the catchment
10 £ (M7) for the period Nov 2011-Nov 2014. The
| é solid red line represents S = 0mmday ' and
c the dashed red lines represent the maximum
20 _g (Smax) and minimum (S,;,) storage volumes
[ _.‘_,E used to estimate the long-term dynamic storage
20 30 Q. (DynSar = Smax — Smin)- (For interpretation of
Smax [ 8 the references to colour in this figure legend,
40 Q‘: the reader is referred to the web version of this
article.)
B 0 |
S
c m L It
5 0 - Jﬂlw r“ !\‘ M F ’j[ MJ H'W; }| ‘ ‘ ﬁﬁ'J l Mﬁh‘
I I ]
o (i | | [ L L A \‘H‘ n fl. “ “ L | ‘WW !
fV
|
\
S, I
min
-10 I ' { ' T ' 1 ' ]
Nov-11 May-12 Nov-12 May-13 Nov-13 May-14 Nov-14



P.X. Lazo, et al.

a) os b) 0.0016
.. |
£ 0.6 0.0012
(0] “

0.4 O 0.0008
©
G
302 0.0004
a
0 0-
201512 217112 2/19/12 -0.001
Date

0

Journal of Hydrology 572 (2019) 805-819

c)
t, = 18.3 hr g

\

———>t, =186 hr

e ]
7 hre——a
17.7 hr

o Ohr{iﬂ =50 hr

08 04 0 04 08
Precipitation (mm)

R ¢

0.001

St

Fig. 3. a) Discharge hydrograph; b) temporal variability of the normalized fractional discharge (Qp and storage (Sp volumes; and c) rainfall amount during a
representative rainfall-runoff event at the study site. The data correspond to an event monitored at the outlet of the basin (M7) on February 16th, 2012. The black
and grey lines correspond to the rising and recession limbs of the hydrograph, respectively. The red and green lines in subplot c) represent time during the rising and
recession limbs of the hydrograph in subplot a), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Table 6

Determination coefficients (R?) between the streamflow TB passive storage
(PasSq) of the catchments with landscape features and hydrologic variables.
Values in bold represent significant correlations at a statistical level of 0.10
(i.e., 90% confidence level). + values represents positive or negative correla-
tions between variables, respectively. Q. represents the flow rates, as fre-
quency of non-exceedance, where xx shows the non-exceedance rate.

Variable name PasScq)

Hydrologic variables Dynamic Storage (mm) -0.20
Passive Storage 1.00
Mean Annual Precipitation —0.30
Mean Annual Discharge 0.73
Runoff Coefficient 0.75
Qmin 0.24
Q1o -0.18
Q30 0.10
Qso 0.13
Q70 0.55
Qoo 0.67
Qmax 0.03

Landscape features Area (km?) 0.61
Slope (%) —0.45
Andosols (% of total area) —0.56
Histosols (% of total area) 0.51
Tussock Grass (% of total area) -0.73
Cushion plants (% of total area) 0.68
Turi Formation (% of total area) 0.48
Quaternary Deposits (% of total area) -0.28
Quimsacocha Formation (% of total area) —0.05

hydrologic models (e.g., 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, PasSp) estimations ranged between 399
and 472 mm at field capacity and saturation, respectively. The PasS )
for this catchment was 617 mm (Table 2). Assuming that the potential
water storage capacity of the soils in this catchment were 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 con-
tribution) is the difference between the PasS estimates yielded by these
methods, i.e., about 145 mm. These results suggest the usefulness of
both the PasS.y and PasSp) methods for providing indirect PasS
groundwater estimations elsewhere.

4.1.2. Passive storage estimation in relation to other catchments

A summary of the studies in which PasS has been evaluated using
different calculation methods in peat-dominated catchments is shown
in Table 7. Our estimated PasS.q values at the ZEO (313-617 mm,
Table 2) are similar to those reported by Bishop et al. (2011) via the
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modelling of soil properties at the Gardsjon catchment in Sweden
(300 mm) and Soulsby et al. (2009, 2011) using TB methods in a group
of montane Scottish catchments (265-688 mm). They attributed these
relatively small storage values to the retention of water in the relatively
shallow (< 2m) peat type soils with little deeply sourced water con-
tributions from groundwater storage. By contrast, our estimates are low
relative to peat-dominated catchments in North Sweden estimated
using soil moisture modelling (1189-1485mm) by Amvrosiadi et al.
(2017). They are also low in relation to the values reported by Birkel
et al. (2011) estimated via TB methods and van Huijgevoort et al.
(2016) estimated using a TB distributed hydrological model for the
peat-dominated Girnock catchment in the Scottish highlands (1000 and
898 mm, respectively). Our values were also lower than those of non-
peat-dominated catchments with different land covers (e.g., pasture,
grasslands, and forests) in a gradient between the Swiss plateau and
alpine regions (> 5000 mm) reported by Staudinger et al. (2017). De-
spite the differences in catchment features (e.g., precipitation season-
ality, land cover, soil type and depth) among the study sites in-
vestigated by these authors, they all attributed these high PasS.
estimates to water storage in deep groundwater reservoirs. That is, the
highly fractured and permeable parental material. At the ZEO, prior
research has shown that water stored in the peat type Histosol soils (i.e.,
wetlands) controls runoff generation (Correa et al., 2016; Mosquera
et al., 2015). 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 (Correa et al., 2017; Mosquera et al., 2016a). Our
PasS ) 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 ZEO, but also the catchment’s water
storage capacity.

4.1.3. How vegetation, soils, and precipitation control passive storage?
Past research at the ZEO has shown the importance of the wetlands
(i.e., Histosols and cushion plants vegetation) on the catchments’ water
production (Correa et al., 2017, 2016; Mosquera et al., 2015). The high
correlation between PasS¢y and the wetlands cover in our nested
system of catchments (Table 6, Fig. 4) suggests that the wetlands also
influence the catchments’ available storage for mixing. Similar hydro-
logic 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,b, Geris et al., 2017). These findings also confirm that for
catchments with low groundwater contribution, the totality of PasScq)
depends on their areal proportion of wetlands. Additionally, the strong
correlation between PasS.y with the catchments’ mean annual dis-
charge and runoff coefficients (R* > 0.73, Table 6), further evidences
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Fig. 5. Relationship between the event scale dynamic storage (DynSs)) and
maximum precipitation intensity during the runoff events (n = 42) at the outlet
of the basin, M7. Dashed lines represent the 5% and 95% confidence intervals of
the relationship.

how the wetlands storage influence runoff generation and regulation.
Here, it is worth noting that even though wetlands cover only a rela-
tively small proportion of the monitored catchment areas (i.e., 13-24%,
Table 1), they control the catchments’ water production and storage at
the ZEO. These findings highlight the importance and the fragility of
riparian wetlands as the main — and in this particular case, the only —
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water storage reservoir in ecosystems where the presence of peaty soil
(i.e., Histosols) dominates.

We also identified some PasS variations among the monitored
catchments worth highlighting. For instance, even though two of the
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 PasS ) than M2 (394 mm versus
313mm, respectively). In contrast, even though catchments M5
(1.40km?) and M6 (3.28km?) also have similar wetland coverage
(20-22%), they presented similar PasSq) (400-411mm). These ap-
parent 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 PasS.g) of catchment M2. On the contrary, catch-
ments M5 and M6 have similar slopes (18-20%, Table 1), factor that
seems to explain the similar amount of water stored by these catch-
ments. 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 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 the catchments’ PasS has also
been reported at other sites 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 the catchments’ average slopes
and their PasS g via correlation analysis, catchments’ topography ex-
erts controls in the amount of water available for internal mixing.

It is also worth noting that two of the upper catchments (M3 and
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M4, Fig. 1) showed the highest PasS ) (617 and 539 mm, respectively)
among all monitored catchments within the ZEO. Also, PasSy of
catchment M3 was almost double than that of M2 (Table 2) despite they
both have the same catchment areas. Similar findings have been re-
ported by Birkel et al. (2011) and Soulsby et al. (2011) for a group of
montane Scottish catchments with similar soil conditions. These au-
thors found that catchments with fractured and permeable geology
showed much higher PasS, than catchments with less weathered and
more impermeable bedrock. At the ZEO, catchments M3 and M4
showed 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). Together, these findings suggest that
even when the hydrology of the ZEO is dominated by water flowing in
the shallow organic horizon of the Paramo soils (Correa et al., 2017;
Mosquera et al., 2016a), the presence of fractured parental material (as
is the case in other P4ramo catchments), PasS¢q could be much higher
than that estimated at the ZEO outlet (M7, 457 mm).

4.2. Dynamic water storage at the catchment scale

4.2.1. Long-term dynamic storage

The dynamics of the daily water storage volumes (S(t)) indicate a
fast system response to precipitation inputs, with positive (i.e., re-
charge) and negative (i.e., discharge) values oscillating around a value
of zero during the monitoring period (Fig. 2). Such system dynamics
resulted in relatively low long-term DynS (DynSqr)), with values ran-
ging between 29 and 35 mm (Table 2) for all the catchments at the ZEO.
These values were low compared with those reported by Peters and
Aulenbach (2011) (40-70 mm), Buttle (2016) (30-77 mm), and Pfister
et al. (2017) (107-373 mm) 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 (12-974 mm), where catchments with similar values than
the ZEO were rainfall-dominated and with only minor groundwater
contributions. Soulsby et al. (2011) reported DynS.r, values ranging
between 2 and 36 mm in a group of montane Scottish catchments with
similar pedological and land cover conditions to our sites. They con-
cluded that values close to 36 mm corresponded to catchments with
relatively compacted bedrock, whereas values close to 2mm corre-
sponded to catchments with high groundwater contributions (i.e.,
fractured parental material).

Long term dynamic storage at the ZEO was affected by the porosity
and hydraulic conductivity contrast between the Histosols and the
Andosols. Histosols presence was almost exclusively restricted to flat
areas with low hydraulic gradients (i.e., valley bottoms and flat hill-
tops). Consequently, their water movement was reduced and restricted
mostly to the shallow rooted organic horizons (Correa et al., 2017;
Mosquera et al., 2016a). In this sense, our relatively small DynS.r,
estimates, which likely result from the low available storage in the
rooted zone of the organic horizon of the Histosol soils that are near
saturation along the year (Mosquera et al., 2016a), suggest minimal
unused storage during runoff generation. These findings are supported
by our estimated DynSqr) to PasS. ratios for the ZEO catchments.
These ratios also depicted that only a relatively small proportion of the
water stored and available for mixing within the catchment is hydro-
logically active (i.e., 6 to 10% is active in the water balance, Table 2).

4.2.2. Event-based dynamic storage

The anticlockwise hysteretic-loop pattern between the normalized
fractional storage (Sp) and the normalized fractional discharge (Qp)
(Fig. 3) identified at the event scale has also been determined by field
observations elsewhere (e.g., Botter et al., 2009; Creutzfeldt et al.,
2014; Beven and Davies, 2015; Hailegeorgis et al., 2016). Modelling
studies have also shown this behavior (e.g., Kirchner, 2009; Davies and
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Beven, 2015). The direction of the loop pattern has been shown to
depend on different climatic, topographic, and parent material (Sproles
et al., 2015). At the ZEO, the observed anticlockwise trend is likely
explained by the combined effect of the Histosols (wetlands) high water
retention capacity and the year-round input of low intensity pre-
cipitation. In other words, when water is added at the beginning of the
event, it quickly fills the available storage before ‘effective precipita-
tion’ drives the runoff that is released to the streams. Then, after
antecedent moisture controlled storage threshold is reached (Mosquera
et al., 2016a), the soils begin releasing water to streams (black lines in
Fig. 3a and b). Once precipitation ceases, the moisture gained by the
soils allows for a sustained stormflow generation until the end of the
event (grey line in Fig. 3a and b), when the system returns to a stability
condition (i.e., Sy = 0) because of the high water retention capacity of
the soils. These findings further explain the rapid changes in daily S(t)
volumes (Fig. 2) and the flashy discharge response to precipitation
previously reported at the ZEO (Mosquera et al., 2016b, 2015). Such
behavior has also 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 at ZEO further highlights the importance of the riparian
Histosols in streamflow generation at the ZEO (Correa et al., 2017;
Mosquera et al., 2016a).

4.2.3. How vegetation, soils, and precipitation control dynamic storage?

In the long term, the range of variation of DynS;r) among catch-
ments was very small (29-35mm). As a result, we could not attribute
their spatial variability to any particular catchment features or hydro-
metric variables. On the other hand, at the event scale, DynS s, showed
significant correlation with maximum P intensity (Fig. 5). This ob-
servation suggests that the amount of hydraulically active water line-
arly increases with rainfall intensity. This effect likely results from the
rapid filling of unsaturated pores in the shallow (30-40 cm) organic
horizon of the Paramo soils, which then augment the connectivity of
saturated soil patches as precipitation intensity and amount increases
(Tromp-van Meerveld and McDonnell, 2006; Tetzlaff et al., 2014). This
effect causes a rapid activation of soil DynS, which in turn results in a
rapid delivery of water towards the stream network during rainfall
events.

4.3. A conceptual model of vegetation, soils, and precipitation controls on
Pdramo water storage

Our findings can be conceptualized in the context of the celerity of
the hydraulic potentials (i.e., the propagation speed of a perturbation
within the hydrologic system; McDonnell and Beven, 2014; Beven and
Davies, 2015) in the Paramo soils and the tracer velocity through the
hydrologic system. Combined hydrological behavior that influences the
hydrological services provided by Paramo catchments. Fig. 6 shows
how the rapid filling of available storage during rainfall events leads to
rapid streamflow response (i.e., the system celerity response). This re-
sponse behavior, in combination with low evapotranspiration due to
the high year-round humidity (> 90%, Cordova et al., 2015), helps
maintain the near saturated conditions of significant portions of the
Péramo (i.e., the Histosol soils and wetlands). Thus, precipitation
translates to runoff quickly via shallow subsurface flow in the first
30-40 cm of the Paramo soils (Mosquera et al., 2016a) and this in turn
controls the water production capacity of PAramo catchments, as seen
on the lefthand side of Fig. 6.

The righthand side of Fig. 6 depicts the attenuation of the stable
isotopic composition in streamflow in relation to precipitation isotopic
composition (Mosquera et al., 2016a) —which results from the rela-
tively long time that water resides in the hydrologic system (Mosquera
et al., 2016b). The relatively high PasS values in the organic horizon of
the soils at the ZEO shows that the velocity of the system is regulated by
the high water retention capacity of the Paramo wetlands. This
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retention capacity is maintained by the year-round input of low in-
tensity precipitation (Padron et al., 2015). This combination of factors
control the water storage capacity, and thus, provide Pdramo catch-
ments with a high water regulation capacity (as shown on the righthand
side of Fig. 6). As a result, when precipitation intensities increase, the
system’s celerity perturbation is enhanced, and thus, a rapid response
(minutes to hours) of DynS occurs. This effect occurs despite the effi-
cient mixing of tracer in the larger available PasS of the wetlands soils
(Mosquera et al., 2016a), which further reduces the velocity of the
hydrologic system (weeks to months). This velocity reduction, in turn,
increases the residence time of the isotopic tracer within the catch-
ments. These findings highlight the vulnerability of PAramo catchments
to changes in the temporal variability of precipitation and the potential
changes in hydropedological conditions of the Pdramo soils in response
to changes in land use and climate.

For instance, this catchment hydrological behavior could be sig-
nificantly altered by the impact of common anthropic practices in the
study region. Previous studies have shown that pine afforestation de-
creased water yield and potato cultivation declined baseflow produc-
tion in Paramo catchments (Buytaert et al., 2007). Similarly, affor-
estation with pine plantations has shown to decline significantly
organic carbon and the water retention capacity of Paramo soils (Farley
et al., 2004). These changes likely reflect a reduction in the MTT of
water within the hydrologic system due to a significant reduction of the
systems’ passive storage. Effect that is likely to result in a reduction of
the flow regulation capacity of Pdramo catchments.

Finally, it is worth highlighting the similarities of our catchment
storage findings in comparison to those in other regions of the world
(e.g., the Scottish highlands; Birkel et al., 2011; Soulsby et al., 2009;
Tetzlaff et al., 2015a; van Huijgevoort et al., 2016), despite differences
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in meteorological conditions. These similarities indicate that our find-
ings can serve as a baseline for future water storage evaluations and
could be transferable to other peat-dominated ecosystems in the Andes
and elsewhere.

5. Conclusions

Our catchment storage evaluation using a combination of hydro-
metric, isotopic, and hydrophysical soil properties data yielded valu-
able insights into the water passive and dynamic water storage of the
Paramo. We demonstrated that streamflow mean transit time (MTT) is
useful for estimating catchment passive storage (PasS) and these esti-
mates are comparable with hydrophysical soil properties and soil water
MTT based approaches. Together, these estimates provide a novel ap-
proach to infer groundwater contributions to catchment storage. We
found that the hydrologically active dynamic storage (DynS) corre-
sponded to only a small proportion (6-10%) of the total PasS capacity
of the Andean Paramo wetlands that contribute to runoff generation.
Our findings also indicate that the DynS and water production capacity
of the catchments is mainly controlled by rainfall intensity. In contrast,
PasS and water regulation capacity is controlled mostly by the high-
water retention capacity of the peaty soils (Histosols). These findings
provide baseline information about the factors controlling the water
production and regulation ecosystem services provided by the Paramo.
Future research should be targeted towards the investigation of the
resilience of the Andean Paramo wetlands to sustain water production
and regulation in response to changes in environmental conditions due
to climate change and to better understand the role of hillslope soils
(i.e., Andosols) in the provisioning of hydrological services in the
Paramo and other high-elevation tropical environments.
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