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ARTICLE INFO ABSTRACT

Keywords: Study region: Humid puna of the Central Andes, Perti

Bofedales Study focus: Bofedales, or peat-forming wetlands, are a characteristic feature of the humid puna - a
Puna high elevation, seasonally dry grass- and shrub-land throughout the Central Andes. Despite the
x:ﬁgﬂfsonrceg hydrologic importance of the humid puna for downstream communities, and the inference that

bofedales play an important role, few studies have explored the hydrology of this ecosystem, and
none have quantified bofedal water yield to streams. We designed a 3-year study in the Upper
Ramuschaka Watershed (URW), a 2.12 km? humid puna catchment sustaining a perennial stream
used for irrigation downstream. We monitored hydrologic fluxes through the URW, periodically
measured discharge in 19 nested subbasins across wet and dry seasons, and characterized the
structure, hydraulic properties, and storage capacity of four bofedales.

New hydrological insights for the region: Unit runoff is consistently higher in subbasins with greater
bofedal coverage. High porosity peat fills in the wet season via groundwater recharge and drains
slowly through underlying layers with low hydraulic conductivity. Bofedales cover 11.6% of the
URW and store 105,000 + 10,000 m° of water seasonally. In the dry season, bofedales yield 49 +
5 mm to streams, equivalent to 20 — 98% of the URW’s dry season runoff. Bofedales regulate
drainage from the humid puna to downstream communities and are therefore vital to local and
regional water security.

Natural infrastructure
Nuclear magnetic resonance

1. Introduction

The ‘humid’ or ‘wet’ puna is a seasonally dry grass- and shrub-land located above the tree line that sustains perennial streams and
provides water to downstream communities throughout the Central Andes (e.g., Buytaert et al., 2009, Josse et al., 2009; Drenkhan
et al., 2015; Ochoa-Tocachi et al., 2016). The humid puna is found between 8° S and 15° S latitude, at elevations between 2000 and
6000 m.a.s.l., covering an estimated 18.6% (236,220 km?) of the Tropical Andes from central Pert through northeastern Bolivia (e.g.,
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Josse et al., 2009). Under the Intergovernmental Panel on Climate Change (IPCC) carbon emissions scenario A1B (1° C to 1.5° C
projected regional temperature increase), an estimated 21.6% of glacierized and cryoturbated land area in the Tropical Andes will be
replaced by humid puna from 2010 to 2039 (Tovar et al., 2013). As the climate warms and the humid puna migrates upslope, un-
derstanding and predicting changes to local and regional hydrologic processes will be vital to future water security.

Mean annual precipitation in the humid puna varies from 600 mm to 2000 mm, resulting in a wetter climate than the dry puna
found in Argentina and Chile and a drier climate than the jalca and paramo biomes of the northern Andes (Squeo et al., 2006; Josse
et al., 2009; Tovar et al., 2013; Ochoa-Tocachi et al., 2016). Precipitation falls primarily between December and April, with a
near-absence of precipitation from May to August (e.g., Squeo et al., 2006; Garreaud, 2009; Drenkhan et al., 2015; Ochoa-Tocachi
etal., 2016; Aybar et al., 2020). Hydrographs of streams throughout the puna track seasonal inputs of precipitation and runoff is driven
primarily by groundwater drainage (e.g., Baraer et al., 2009; Somers et al., 2019; Buytaert et al., 2017; Glas et al., 2019; Somers et al.,
2019; Fernandez-Palomino et al., 2021).

The complex topography of the puna landscape includes glacial features such as steep, amphitheater-shaped uplands draining to
low gradient basins filled with quaternary fluvial, glaciofluvial, and/or colluvial deposits (Josse et al., 2009; Ochoa-Tocachi et al.,
2016; Somers and McKenzie, 2020). These basins host wetlands known as ‘bofedales’ (singular: ‘bofedal’) - seasonally or perennially
saturated peat-forming wetlands with distinct hydrophytic plant assemblages found in topographic depressions, valley bottoms, and
along watercourses within the humid and dry puna (e.g., Cooper et al., 2019; Squeo et al., 2006; Maldanado Fonken, 2014; Polk et al.,
2019). Bofedal extent in the Peruvian Andes is estimated to be nearly 550 km? (Ministry of the Environment, 2019).

Recently, bofedales have been referred to as ‘natural’ or ‘green’ infrastructures (e.g., Argiiello, 2018; Castillo and Crisman, 2019;
Lopez Gonzales et al., 2020) that seasonally capture, store, and release water; therein regulating water yield from hillslopes to streams
(e.g., Earle et al., 2003; Flores et al., 2014; Maldanado Fonken, 2014). Here, we use the words ‘natural’ and ‘green’ while acknowl-
edging many bofedales are ‘socio-hydrological’ systems (e.g., Yager et al., 2021), or ‘cultural landscapes’ (e.g., White-Nockleby et al.,
2021). Indeed, bofedales have long provided grazing grounds for Andean camelids (e.g., Palacios Rios, 1977; Bryant and Farfan, 1984;
Reiner and Bryant, 1986; Patty et al., 2010), and have been managed and expanded to sustain local water resources (Flores-Ochoa,
1977; Palacios Rios, 1977; Erickson, 2000; Lane, 2009; Vining et al., 2019; Uribe-Alvarez et al., 2022). Bofedales have also been linked
to the presence and expansion of human settlements (e.g., Vining et al., 2019).

Two properties of bofedales contribute to their inferred role as a natural water storage infrastructure. First, bofedales contain layers
of high porosity peat up to 10 m thick (Hribljan et al., 2015; Engel et al., 2014; Cooper et al., 2019) with the capacity to store large
quantities of water (e.g., Cooper, 2019; Valois et al., 2020; Valois et al., 2021). Secondly, as post-glacial features, bofedales are often
found in low gradient areas fed by large contributions of upslope groundwater (e.g., Gordon et al., 2015; Cooper et al., 2019). Although
they are peat-forming, bofedales are minerotrophic fens, meaning water and nutrients primarily come from groundwater. Fens differ
from ombrotrophic bogs, which receive water and nutrients from precipitation only (Squeo, 2006; Cooper et al., 2010, 2019; Mal-
donado Fonken, 2014; Salvador et al., 2014; Hribljan et al., 2015; Oyague et al., 2022).

The hydrologic role of peat-forming wetlands has been studied to the north and south of Perti. In the humid paramo of Ecuador,
annual water yield and catchment-wide water storage increase with the extent of peat-forming wetlands (Mosquera et al., 2015; Lazo
etal., 2019). In the arid Andes of North-Central Chile, geophysical and hydrochemical methods revealed bofedales to have large total
water storage due to their large average porosity (Valois et al., 2020; Valois et al., 2021). Whereas these studies identify links between
wetlands, water storage, and flow regulation, no study has yet quantified the annual amount of water bofedales seasonally store and
release to streams.

Our study focused on the Upper Ramuschaka Watershed (URW), a headwater catchment within the 11,048 km? Vilcanota-
—Urubamba Basin (VUB) (Drenkhan et al., 2018). The humid puna covers 78.2% of the VUB (Oshun et al., 2021; Josse et al., 2009), and
the hydrograph is driven by groundwater draining the humid puna (Drenkhan et al., 2015; Buytaert et al., 2017; EGEMSA, Oshun et al.,
2021; Fernandez-Palomino et al., 2021). Cusco, the largest city in the VUB with a population of approximately 420,000 (INEL, 2015),
derives approximately 90% of its water from the humid puna (SEDACUSCO, 2019). The URW, which is a non-glacierized watershed
characteristic of the humid puna, is the primary local water source for the agrarian district of Zurite (population of 3640; Munici-
palidad Distrital de Zurite, 2017). Zurite is vulnerable to water shortages due to a dependence on limited local water resources, a
pronounced dry season, and a lack of long-term water storage. The dry season (May — October) water demand for the 852-irrigated
hectares in Zurite is ~ 1150 mm (Municipalidad Distrital de Zurite, 2017).

The URW represents an example watershed in the humid puna that may provide insights into to hydrologic processes across the
region. Specifically, we addressed the following questions:

1) What are the annual and seasonal water yields from the URW, a humid puna catchment in the Central Andes?

2) What are the temporal patterns linking subsurface hydrology and streamflow in the URW?

3) Is there a relationship between bofedal area and unit runoff (hereafter referred to as runoff) in the URW?

4) What is the quantity of seasonally dynamic water storage in bofedales and what proportion of total dry season runoff is released
from bofedales? Here, we define seasonally dynamic storage relative as the volume of water stored in bofedales relative to the end
of the dry season (e.g., Sayama et al., 2011).

We collected hydrogeologic data over three water years through the collaborative effort of students, scientists, and community
members (Oshun et al., 2021). Our results provide hydrologic data from a societally important, yet understudied region, and show
water released in bofedales is partly responsible for sustained dry season streamflow.
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2. Materials and methods
2.1. Site description of the Upper Ramuschaka Watershed (URW)

The 2.12 km? URW spans elevations of 4011 — 4543 m.a.s.l. and sustains three perennial streams draining three primary subbasins —
the Western, (0.373 kmz), Central (0.873 kmz), and Eastern (0.797 kmz) (Fig. 1). These subbasins form a confluence ~150 m upstream of
the terminus of the URW, at a concrete diversion weir used by the community of Zurite to divert surface water for irrigation. Mean annual
precipitation (1981 - 2017) in Zurite (3405 m.a.s.l.) is 848 mm, 95% of which falls between October and April (Aybar et al., 2020).

The underlying bedrock of the URW is primarily the Eocene-age San Jeronimo Formation (Fig. S1). The Central and Eastern
subbasins are underlain by cliff-forming reddish-gray sandstone that is finely-bedded to massive, locally known as ‘Capa Roja’ (e.g.,
Carlotto et al., 2010; Garcia Fernandez Baca, 2017). The sandstone is interbedded with broad sections of tan to reddish gray to greenish
gray finely-bedded and extensively fractured weak mudstone, known as lutita (e.g., Garcia Fernandez Baca, 2017). A sugary-white
crystalline quartzite forms a steep bedrock-exposed ridge that divides two upper tributaries of the Central subbasin. The Western
subbasin is underlain by the San Jeronimo Formation; however, there is also extensively weathered limestone karst in the northwest,
and an Oligocene quartz monzodiorite intrusive underlying the southwest portions of the subbasin, respectively.

The topography and vegetation are characteristic of the humid puna. The URW headwaters are defined by cliff forming headwalls
of quartzite or sandstone and more gently sloping lutita. Below are low gradient valleys with seasonally saturated bofedales, poorly
distinguished moraines at the margins, and hummocky landforms (Fig. 2). The topography of the landscape combined with its southern
aspect suggest recent glaciation, perhaps during the Holocene.

Steep uplands are predominantly covered in the perennial tussock grass, Jarava ichu, which we observed to be rooted to a depth of
approximately 1.2 m. Hydrophytic plants, such as Distichia muscoides, Oxychloe andina, and Plantago tabulosa are found in the
seasonally saturated bofedales. There is no Sphagnum moss, which is consistent with the Distichia peatlands presented in Maldanado
Fonken (2014). To stabilize hillslopes following landslides, the community of Zurite planted Polylepis sp. in a grid pattern over an area
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Fig. 1. a) The 2.12 km? Upper Ramuschaka Watershed, which is b) located in the Vilcanota Urubamba Basin (blue outline) in the department of
Cusco (red outline). The URW has four primary land cover types: Bofedal, Upland, Outcrop, and Shrubland. Each of the three basins — the Western,
Central and Eastern — yield perennial streamflow. Italic Roman numerals show the locations of sampled bofedales. Numbers and letters show the
locations of distributed discharge measurements in the Central and Eastern subbasins, respectively. Native tree (Polylepis sp) afforestation occurred
in the lower part of the watershed in January 2018.
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Fig. 2. The view (looking to the northeast) over bofedal II, the largest in the Upper Ramuschaka Watershed at 0.085 km?. The white line shows the
downhole nuclear magnetic resonance transect. The ridgeline above the bofedal is the upper boundary of the Central Basin. The ridgeline from the
center of the photograph to the right defines the boundary of the Eastern Basin. The photograph shows three of the four defined landcovers: Bofedal,
Upland covered in J. ichu, and Outcrop. Shrubland is found only in the lower reaches of the catchment.

of 0.568 km? in the lower URW (Fig. 1). Despite the afforestation campaign, most Polylepis shrubs remained small (< 1 m in height,
with sparse branching) because of low growth rates through seasonal drought and a grassland fire in late July 2019.

Soils beneath J. ichu are dark and organic rich (20 — 25%) silt loams to approximately 0.25 m, underlain by dark silty clay loam to
sandy loam with organic content decreasing to 7% or less. Sand and rock chips increase in concentration with depth with transition to a
fractured and weathered saprolite at depths of 0.4 — 0.75 m. In comparison to the Andosols of the humid paramo (e.g., Buytaert et al.,
2005; Mosquera et al., 2020a, b), upland soils in the URW are derived from primarily sedimentary parent material, exhibit a thinner
organic-rich layer, generally less clay-sized particles (< 40% in the soil and 5-29% in the saprolite), a well-developed B horizon, and
the absence of a low conductivity layer and seasonally perched water table.

2.2. Geospatial characterization

2.2.1. Land cover classification

We used the support vector machine algorithm ( L3Harris Geospatial, 2019) on a 1-meter resolution image of the URW (ESRI World
Imagery) to classify four land cover classes in the URW: ‘Bofedal’, ‘Upland’, ‘Outcrop’ and ‘Shrubland’. We quality controlled the
resulting land cover classification vectors via ground truthing during field campaigns and with orthoimagery (8.3 cm/pixel) produced
from Unmanned Aerial Vehicle (UAV) surveys.

2.2.2. Topographic data collection and processing

In June 2019, we flew a DJI Phantom 4 Pro UAV to create a Digital Elevation Model (DEM) of the URW. We programmed flights to
take photos with 80% coverage overlap at 200 feet above the ground surface and used a Real Time Kinematic (RTK) GPS (EOS,
ArrowGold) to survey 26 Ground Control Points (mean horizontal error of 0.097 m and mean vertical error of 0.113 m; Supplementary
Material, S2). We post-processed imagery in Agisoft Metashape Professional to create a 1-m/cell resolution DEM following protocols
from the United States Geological Survey (2017) and Dietrich (2015). The mean slope of the URW (for 1 m pixels) is 24.0° (Table 1),
however the mean slope of bofedales, which cover 0.244 km? (11.6% of the URW), is 14.1°.

Table 1
The total area and mean slope for 1 m pixels of each land cover type in the URW.
Land Cover Type Area (km?) Mean Slope (degrees)
Ichu Upland 1.766 24.2
Bofedal 0.244 14.1
Outcrop 0.089 35.4
Shrubland 0.014 37.0
URW (all land covers) 2.12 24.0
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2.3. Hydrologic monitoring

2.3.1. Annual water balance

We constructed annual water balances by measuring precipitation (P) and runoff (q), calculating actual evapotranspiration (ET,),
and estimating interannual water storage (AS). Water balances are referenced to the Site 3 gauging station in the Central subbasin
(0.806 krnz, Fig. 1). Due to the incomplete data set for Water Year (WY) 2019, which lacked a complete record of upland soil and
saprolite and groundwater measurements used to estimate ET,, we focused our water balance analyses on WY2020 and WY2021.

2.3.2. Precipitation

Precipitation was measured at a resolution of 0.2 mm using a tipping bucket rain gauge (HOBO Onset RG3) installed in June 2018 near
Site 3 at a height of approximately 1.5 m above the ground. The start of the annual water year (September 1) corresponds with the end of
the regionally dry austral winter and marks a gradual transition into the wet season. We define the dry season as the period over which 15-
day cumulative precipitation remained less than 10 mm and the wet season as the period over which 15-day cumulative precipitation
exceeded 10 mm.

Although spatial variability in precipitation can be high in Andean catchments (e.g., Buytaert et al., 2006a; Célleri et al., 2007), the
rugged topography and limited access prevented us from installing a spatially distributed rainfall network. The rain gauge was
installed near the geographic center of the URW, at 4171 m.a.s.l.

The resolution of the national gridded precipitation dataset (Aybar et al., 2020) is insufficient to show variability within the URW.
For our water balance estimates, we corrected for orographic effects via an elevation-precipitation model using rain gauges in the URW
and Zurite (3411 m.a.s.l.). We calculated the difference in 15-day cumulative precipitation between the two gauges and extrapolated
(via a second-degree polynomial) to predict annual precipitation at the mean elevation of the Site 3 subbasin (4369 m.a.s.l.) (S3.1).

2.3.3. Bofedal groundwater

In June 2019, we drilled to 11 m in bofedal I (Fig. 1) using a 2.75" diameter gas powered rotary drill and installed monitoring Well
102. The upper 0.6 m were peat, which was underlain by clay to a depth of 2.5 m. We encountered a layer of weathered bedrock clasts,
silt, and clay material interpreted to be glacio-fluvial deposits at 2.5 m, which extended down through the base of the well. We cased
Well 102 with 65 mm diameter PVC pipe (with ~ 1 mm slits over the entire length) capped at the base, and installed a pressure
transducer (HOBO U20-001) at a depth of 6.93 m to measure water table dynamics. Fully slotted wells have been effective in similar
landscapes to monitor bofedal groundwater dynamics (Hribljan et al., 2015; Cooper et al., 2019; Oyague et al., 2022; Monge-Salazar
et al., 2022; and Lahuatte et al., 2022).

2.3.4. Streamflow

In June 2018, we installed stream gauges in the Central subbasin (Site 3, drainage area: 0.806 kmz) and above the diversion canal
(Site 1, drainage area: 2.11 km?). At each location, we connected a slotted PVC staff gauge (with demarcations to 1/50th of a foot) to
rebar stakes driven into the channel bed and installed a pressure transducer (HOBO U20L-001) inside the PVC. An identical transducer
was installed adjacent to the stream to measure atmospheric pressure. Data were post-processed to account for sensor drift or slight
changes in the position of the sensor after downloading data and reinstalling the gauge (S3.2).

Due to high flow variability, narrow (< 1 m), shallow (< 0.5 m), and steep (> 5%) channels with complex streambed morphology,
we measured stream discharge using the dry injection salt dilution technique (Hudson and Fraser, 2005), which is more accurate than
the area-velocity method in Andean streams (Parra et al., 2016). For each discharge measurement we placed a conductivity probe
(Onset U24-001) in the stream and injected a known mass of salt at least 20 channel widths upstream (typically ~15 m upstream).
Measurements took 15 — 20 min. We applied the Conductivity Assistant non-linear correction in Hoboware Pro (Onset) to convert
breakthrough curves to specific conductance, and then scaled by the recommended correction factor of 0.486 (Hudson and Fraser,
2005). Additional details can be found in S3.2. At Site 3, we developed two rating curves: one before and one after a high flow event in
March 2019. At Site 1, we present one rating curve — from April 2019 onward — due to substantial changes in the channel geometry in
March 2019. All three rating curves are well constrained (R? > 0.95) (Figs. S5, S6). We scaled discharge by watershed area (using the
UAV derived 1-m resolution DEM) and present hydrographs of runoff (mm/day) for WYs 2019-2021. Runoff at Site 3 was used in
water balances for WYs 2020 and 2021 as it has the longest continuous record and the most well-constrained rating curve. Error in
runoff was quantified as the mean residual error from all discharge measurements used to develop each rating curve.

2.3.5. Subsurface moisture monitoring and estimates of grassland evapotranspiration

In January 2019, we installed four Teros-12 volumetric water content (VWC) sensors and two Teros-21 water potential sensors
(Meter Group Inc., 2018) at an elevation of 4195 m.a.s.l. beneath a 36° slope covered in J. ichu (Fig. 1). An organic rich loam extended
to a depth of 0.4 m. Below was a dark brown clayey soil with clasts of sandstone that increased with depth. A transition to sandstone
saprolite occurred at 0.75 m and clay content decreased with increasing depth. Roots were found throughout the profile but in
decreasing abundance with depth. Bulk density increased from 0.60 g/cm® at 0.11 m to 0.93 g/cm?® at 0.52 m. The profile was
representative of upland soils (Table S4). Probes were inserted horizontally in the upslope face undisturbed soil and saprolite. We
installed VWC sensors at depths of 0.2, 0.6, 0.9, and 1.2 m and collocated water potential sensors at depths of 0.2 and 0.9 m. We
converted 15-minute VWC measurements to daily averages and multiplied over thicknesses determined by material properties to
quantify dynamics in moisture storage (mm) in the soil (0 — 0.75 m) and in the saprolite (0.75 — 1.35 cm) (Table S5).

To estimate ET, from J. ichu, we applied a conditional model depending on whether subsurface conditions were above or below
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field capacity. We used in situ measurements of water potential and VWC at 0.2 m (soil) and 0.9 m (saprolite) to construct wetting and
drying water release curves (WRC) (Fig. S8). We estimated field capacity using a water potential of — 33 kPa. The VWC of field capacity
at 0.6 and 1.2 m (where no water potential sensors were installed) was estimated using water potential data at 0.2 m (soil) and at 0.9 m
(saprolite), respectively. The VWC’s at field capacity in the soil (0.432, 0.357 em®/cm?, Table S6) are smaller than those reported in
the organic-rich Andosols of the humid paramo (e.g., Buytaert et al., 2005; Mosquera et al., 2020), which may be due to the lower
organic matter content at our study site.

When subsurface moisture at 0.2 m depth exceeded field capacity (0.432), we calculated a daily reference evapotranspiration (ET,) via
a temperature-based model (Visualizing Ecosystem Land Management Assessment 2.0, Abdelnour et al., 2011; Hamon, 1963). We then
converted ET, to actual evapotranspiration, ET,, by scaling by a crop coefficient of 0.74, which was recently derived for the ‘less humid
period’ in humid paramo grasslands (Carrillo-Rojas et al., 2019). When water potential in the soil fell below field capacity, we integrated
moisture losses (in mm) over the rooting zone using the VWC sensors. There were 202 and 159 days in which field capacity was exceeded
in WY 2020 and 2021, respectively. We extrapolated the ET, estimates to land classified as Upland, which covers 83% of subbasin 3. Error
estimates of the Teros-12 sensors is reported to be + /- 3.00% for an uncalibrated mineral soil system such as the URW upland (Meter
Group, Inc, 2019). However, to account for error in our field capacity estimates, the temperature-based method for deriving ET,, and our
crop coefficient, we applied the maximum error (+/- 30%) reported from estimates in the humid paramo (Cérdova et al., 2015).

2.3.6. Estimates of bofedal evapotranspiration

To estimate daily ET, fluxes from bofedales (covering 16% of the Site 3 subbasin), we calculated daily ET, using VELMA (as above)
and converted ET, to ET, by applying a crop coefficient of 0.85 derived from a study of peat bogs (Gerling et al., 2019). We applied the
same maximum error from above (+/- 30%) to our estimates of bofedal ET,.

2.4. Spatiotemporal measurements of discharge

We measured discharge via salt dilution (Hudson and Fraser, 2005) at 19 nested locations on 14 dates between June 2019 and
September 2021 within the Central (n = 10), Eastern (n = 8), and Western (n = 1) subbasins (Fig. 1). The monitoring strategy was
designed to measure the spatial and temporal variability of runoff and to compare runoff to the extent of bofedales across the URW’s
subbasins. We hypothesized that subbasins with greater percent bofedal cover would yield higher runoff, especially in the dry season.
Our measurements focused on the Central and Eastern subbasins because the underlying lithologies are consistent (Fig. S1). The
drainage areas of the subbasins range from 0.096 to 2.112 km?, with bofedales covering 7.71 — 29.42% (Table S1). Channel
morphology ranged from relatively gentle-sloped reaches flowing through bofedal and wet grassland settings to steep
bedrock-confined channels predominantly found in the lower portion of the watershed. In most locations, the channel was incised into
either bedrock, proglacial features, or bofedales.

2.5. Seasonal moisture dynamics in bofedales

2.5.1. Material and hydraulic properties of bofedales

To characterize material and hydraulic properties in bofedales, we augered 34 boreholes in transects spanning ichu uplands
immediately above and through bofedales ‘I' (2 transects, 9 boreholes), ‘II’ (2 transects, 15 boreholes), ‘III’ (1 transect, 5 boreholes),
and ‘IV’ (1 transect, 5 boreholes) (Fig. S7). Ten boreholes were used for nuclear magnetic resonance (NMR) surveys and were augered
with a 2.25"” bucket; all other boreholes were augered with a 4” bucket. Boreholes were augered in June 2019 (dry season) and January
2020 (wet season). Peat was field identified by a very dark brown to black color, partially to completely decomposed organic matter, a
greasy and fibrous texture, and high-water content when saturated (yielded water when squeezed). We corroborated field estimates
with laboratory data showing gravimetric water contents (from 0.6 to 1.45 g g’l), weight percent carbon (25 - 45%), and total po-
rosities exceeding 0.8. Clay was identified by an increase in density, dark gray to reddish gray color, the disappearance of organic
matter, and the ability to roll soil into ‘worms’. Silt, sand, and rock chips increased with depth due to glacio-lacustrine and fluvial
deposits or weathered bedrock, henceforth referred to as the ‘mineral layer.’

In June 2019, we surveyed 10 boreholes in bofedales I and II with a portable downhole NMR Logging System (Dart, Vista Clara,
Inc., Mukilteo, Washington, USA). NMR is a geophysical method that directly detects the presence of hydrogen and is used to
determine porosity or water content, and to estimate hydraulic conductivity (e.g., Behroozmand et al., 2015). Unlike other in situ
methods for determining water content, such as neutron probe and time domain reflectometry, NMR estimates of water content do not
require site specific calibration (e.g., Schmidt and Rempe, 2020). Measurements were made with 0.25 m spacing from the ground
surface downward. Each measurement’s investigation volume was a cylindrical shell of 0.23 m height, 1-2 mm in thickness at a radius
of 6.5-7.6 cm from the central axis of the tool (Walsh et al., 2013). Additional details on instrument parameters and data processing
can be found in S4.1.

2.5.2. Estimates of bofedal dynamic water storage

We quantified seasonally dynamic water storage in bofedales (storage relative to the end of the dry season), through downhole
NMR measurements, direct observations of material properties and saturation state, and water table monitoring in bofedal I.

For each layer (peat, clay, mineral) we calculated drainable water storage as the difference between NMR measurements of total
porosity (VWC at saturation) and an estimation of VWC at field capacity. We did not measure water potential in the peat so we could
not construct WRCs as we did for the upland soils. Instead, we estimated field capacity by measuring the VWC of freely drained peat,
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Fig. 3. Time series of hydrological data over the monitoring period (September 2018 — March 2022) showing: a) precipitation in mm/d at the Upper
Ramuschaka Watershed rain gauge; b) subsurface moisture storage in soil and saprolite with dashed lines showing estimates of field capacity in the
soil and the saprolite; ¢) groundwater dynamics at Well 102 in the center of bofedal I; and d) runoff in mm/day at Sites 1 and 3. The yellow bands
show the dry seasons, when 15-day cumulative precipitation remained below 10 mm. Greater subsurface moisture drying in 2020 (b) is likely due to
vigorous vegetation growth following a low-intensity grassland fire in late July 2019.
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Table 2
Hydrologic metrics for three dry seasons: 2019, 2020, 2021. The dry season is defined as the period when 15-day cumulative precipitation remained
under 10 mm.

Min. Soil Days from
Cum. Cum. runoff . Min. Saprolite  onset of dry Rate of Max. Water . .
Number X 3 Moisture . : . Min. flow at Site
Dry Season of days PreciP- at Site 3 Storage Moisture Storage season until groundwater Table Depth in 3 (mm/d)
Y (mm) (mm) & (mm) bofedal I decline (mm/d) W102 (m)
(mm)
desaturated

1: May 8th — Oct 4th, 2019 150 20.6 69.6 262 186 55 15.2 1.77 0.13
2: May 19th — Oct 18th, 2020 153 247 93 210 163 43 13.4 1.94 0.25
3: Jun 8th - Oct 1st, 2021 115 10.6 57 222 174 25 13.3 1.42 0.26
Mean 139 19 73 231 174 41 14.0 1.71 0.21

clay, or the mineral layer a distance of approximately 0.25 m above the water table in (peat) or at the margins (clay, mineral layer) of
bofedal II. Our estimates for field capacity in peat is 0.42 cm3/cm?, which matches reported values of field capacity in hemic peat
(Dimitrov and Lafleur, 2021). Our estimate of field capacity in the clay (0.3 cms/cm3) and mineral layer (0.2 cms/cme') are supported
by previous studies of lacustrine clays (Bruand and Tessier, 2000; Ito and Azam, 2009).

We determined the minimum depth of the water table via direct measurements. Maximum water depth was estimated by
continuous monitoring in Well 102 and corroborated with field measurements. In the wet season (January 2020) the average depth to
the water table in the four bofedales was 0.12 m (Table S7), with standing water across large portions of all four bofedales. In the dry
season (July 2019) the depth to water table was similar across bofedales I and II. The maximum observed water table depth at W102
(1.94 m) was applied to bofedales II - IV. We interpolated layers (peat, clay, mineral) and the maximum and minimum depth of water
table across the cross-sections using Inverse Distance Weighting (Figs. S11- 14). We then multiplied the areas of each layer by its
drainable VWC to calculate dynamic storage and determine the total for each cross-section. Finally, we divided total storage in each
cross-section by the length of the cross-section to estimate average dynamic storage capacity (in mm) for bofedales I — IV.

3. Results
3.1. Annual water balances and dry season runoff

Precipitation, subsurface moisture, groundwater, and runoff dynamics in the URW followed seasonal cycles of wet-up from October
to December, a sustained period of precipitation and high runoff from December to April, and a dry period from May to October
(Fig. 3).

3.1.1. Precipitation

The precipitation measured in the URW rain gauge was 749, 825, and 738 mm in WYs 2019, 2020, and 2021, respectively. The dry
season started in May to early June with an average length of 139 days and average precipitation of only 19 mm (Fig. 3a, Table 2). The
onset of the wet season occurred in early- to mid-October and wet season precipitation peaked in frequency and intensity between
December and April (Fig. 3a).

3.1.2. Subsurface moisture dynamics in the uplands

In WYs 2020-2022, an average of 138 mm of cumulative precipitation fell before field capacity was reached across the upland
rooting depth (Table 3). Successive storms caused ephemeral increases in soil and saprolite moisture storage and drainage to deeper
layers. In the dry season, subsurface moisture storage (across the soil) fell below field capacity (Fig. 3b) with faster rates of drying and
greater overall moisture loss in the soil. By the end of the dry season, soil and saprolite water storage reached average minimum values
of 231 and 174 mm, respectively (Table 2).

Table 3

Hydrologic metrics for the wet-up and wet season of four water years (2019 — 2022). The water year begins on September 1. *In WY 2022, cumulative
precipitation was measured at the Casa Zurite rain gauge (3411 m.a.s.1.). Field capacity was estimated as 298 mm in the soil and 178 mm in the
saprolite.

Cumulative precipitation Cumulative precipitation before

Cumulative precipitation Date of bofedal Peak flows at Site 3

WY before field capacity (mm) before bofedal I saturated saturation runoff exceeded 1 mm/d at Site 3 (mmy/d and 1/s)
(mm) (mm)

2019 145 8.9 83

2020 115 174 11/29/19 177 10.7 100

2021 160 224 12/22/20 206 5 47

2022 140 192 12/11/21 162 6.2 58

Mean 138 197 Dec 11th 173 7.7 72
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Table 4

Annual water balances referenced to the Site 3 subbasin for WY2020 and WY 2021. Precipitation, runoff, and ET, (from January 2019 onward) are
reported for WY 2019, but no change in storage is calculated due to the incomplete ET, record. Meter Group sensors were installed in January of 2019.
Precipitation values are adjusted to reflect the mean elevation of subbasin 3.

Precipitation Runoff
wy Estimated ET, AS
Metric Wet season Dry season Wet season Dry season (through WY only)
776 13 393 59 N
WY2019 Total (mm) 789+ 8 452 + 54 119+ 36 N/A
Percent 100% 57% + 12% N/A
859 8 560 84
WY2020 Total (mm) 867 + 4 643 + 84 293+ 88 69
Percent 100% 74% + 13% 34% + 10% 8%
752 2 390 49
Total 264 + 1
WY2021 otal (mm) 754+ 1 439+ 57 64+80 >
Percent 100% 58% + 13% 35% + 11% 7%

3.1.3. Bofedal groundwater dynamics

Groundwater dynamics in bofedal I showed remarkably consistent annual cycles of recharge, sustained saturation through the wet
season and into the dry season, and steady decline until the following wet up (Fig. 3c). The water table in bofedal I responded
immediately to the start of the wet season with a modest rise. However, there was a dramatic rise in the water table to saturation that
closely coincided with the timing of field capacity on the hillslopes. Bofedal I saturated between late November and mid-December
following an average of 197 mm of cumulative precipitation (Table 3). Bofedal I desaturated an average of 41 days into the
following dry season and declined linearly at an average rate of 14.0 mm/day to an average maximum depth of 1.71 m (Table 2).

3.1.4. Runoff in the URW

At the onset of the wet season, runoff rose above values of 1 mm/d after an average of 173 mm of cumulative precipitation, similar
to the amount of cumulative precipitation when bofedal I saturated, and exceeding the amount that resulted in field capacity across the
ichu rooting zone in the hillslope (Fig. 3d, Table 3). Throughout the wet season, runoff at Site 3 responded quickly to precipitation
inputs, with peak flows rising to an average of 7.7 mm/d (72 1/s) (Table 3). In WY 2021, low stream stage resulted in peak flows that
never exceeded 5.0 mm/d (47 1/s). The site 3 rating curve combined WYs 20 and 21 due to infrequent field visits through the COVID-
19 lockdowns. Despite these limitations, medium and low flows were consistent with our rating curve (Figs. S5). Runoff declined
steadily as the system entered the dry season. Across the three dry seasons, the rate and shape of runoff recessions were similar with
average minimum flow of 0.21 mm/d (2.0 1/s).

3.1.5. Annual water balances

Annual precipitation, adjusted for orographic effects by using the mean elevation of the Site 3 subbasin ranged from 754 to 867 mm
over WY 2019 — 2021 (Table 4). Annual precipitation values are within one standard deviation of the long-term (1981-2017) average
annual gridded precipitation (848 + 156 mm) (Aybar et al., 2020).

Annual runoff varied from 439 to 643 mm, corresponding to 57 — 74% of annual precipitation, with ET, accounting for 34 — 35%.
Dry season runoff amounted to 12% of annual runoff on average.

The difference between annual inputs and outputs (AS in Table 4) combines interannual watershed storage, potential drainage
below the stream gauge at Site 3 (which we did not directly measure), and measurement error. In WY2020, AS was - 69 mm, and in
WY2021, AS was 51 mm (Table 4).

3.1.6. Temporal phases of the annual water balance

Fig. 4 shows the cumulative fluxes of precipitation, ET,, and runoff in subbasin 3 for WYs 2020 and 2021. The seasonality of
precipitation and the watershed’s response (runoff, Et,, storage in bofedales) are used to separate the water year into three phases: ‘fill-
up’, ‘steady-state’, and ‘release’ (values are in Table S8).

The fill-up phase began with the start of the WY (here we use ‘fill-up’ rather than the more general wet-up used above to specify the
period from September 1 until bofedal I saturated). During the fill-up phase, cumulative runoff and ET, were modest. Cumulative
precipitation, which exceeded the combined fluxes of runoff and ET, by greater than a factor of four, primarily recharged the un-
saturated zone.

The steady-state phase began with saturation of bofedal I, which closely followed the rise in moisture to field capacity in the
hillslope. In this phase, successive precipitation events caused rapid stormflow responses and cumulative ET, increased steadily due to
increasing temperatures during the austral summer. Precipitation inputs roughly equaled the combined outputs of runoff and ET,.

The release phase began with the onset of the dry season (May 19 in WY2020, and June 8 in WY2021). Although there is a near
absence of precipitation during this phase, cumulative runoff continues to increase as streams continue to flow. Bofedal I did not
desaturate until an average of 41 days into the dry season (Table 2). Baseflow throughout the release phase remained above 0.25 mm/
d. ET, accounted for the greatest total moisture loss over the release phase as upland grasses and hydrophytic vegetation sustained
steady rates of transpiration, leading to moisture depletion across the root zone.
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Fig. 4. Cumulative fluxes of water through the Upper Ramuschaka Watershed for water years 2020 and 2021. The seasonality of precipitation and
resulting patterns in runoff and evapotranspiration (ET,) define three phases: fill-up, steady state, and release. The fill-up phase is defined by
recharge of the unsaturated zone and groundwater reservoir in bofedal I. In the steady state phase, precipitation is approximately equal to the
combined fluxes of runoff and ET,, and runoff shows large increases. In the release phase, little to no precipitation falls, and cumulative runoff
increases slowly due to bofedal drainage. Cumulative precipitation curve corresponds to precipitation adjusted to the mean elevation of subbasin 3.

3.1.7. Spatiotemporal patterns of runoff in the URW

We measured greater runoff across all seasons coming from subbasins with higher bofedal coverage (Fig. 5). Data points are colored
corresponding to the flow exceedance probability (across the monitoring period) at Site 3, to indicate the general flow conditions in the
URW. The start of the dry season corresponded with the 41.5, 39.3, and 44.5% exceedance flow in WYs 2019-2021, respectively. We
performed a simple regression analysis on the percent of the subbasin covered in bofedales and the logarithm of runoff. At high flows
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Fig. 5. Scatterplot of subbasin percent bofedal cover versus runoff in the Upper Ramuschaka Watershed. The color-bar indicates the flow percent
exceedance at Site 3 over water years 2019-2021. Solid trendlines show best fits for all data at high flows (percent exceedance < 30%) and at low
flows (percent exceedance > 70%). Dotted trendlines show the same relationships excluding sites 1, 2 and the Western subbasin (which show
consistently higher runoff).
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(percent exceedance < 30%), there is a weak, but significant fit (R = 0.19, p < 0.05). At low flows (percent exceedance > 70%) the fit
improves slightly (R* = 0.21, p < 0.05). Three sites showed consistently higher runoff, falling along a trendline offset from other

subbasins: ‘West’, 1, and 2 (Fig. 1). If we exclude these three sites from the regression analysis, we find a weak but significant fit at high
flows (R% = 0.07, p < 0.05), and a strong and significant fit at low flows (R? = 0.61, p < 0.05) (Table S9).

3.2. Seasonally dynamic water storage in bofedales and their contributions to runoff

3.2.1. Bofedal material properties & water storage
Borehole transects in bofedales I-IV showed similar stratigraphy (Figs. S11 — S14): 1) hydrophytic vegetation; 2) a layer of highly

H3 Well102 H1

Peat __ _ Water Table

(June 2019)
Clay ____ Water Table

(Jan 2020) e
Mineral — _ Depth 0 0408 0 0408 0 0408
Layer water content (-)

0 04 08 0 04 08 0 04 0.8 0 04 08 0 04 08

water content (-)

0 04 08

Fig. 6. a) Bofedal stratigraphy showing characteristic strata of: hydrophytic vegetation, peat, clays, and glaciofluvial deposits. Not shown is the
underlying layer of weathered bedrock. Photo taken in bofedal II with a rock hammer for scale. At the time of this picture (mid dry season), water
was dripping out along the boundary between the peat and glaciofluvial clay and seeping out of saturated clay. Although root density was greatest in
the peat, we observed roots throughout the exposed profile. b) and c) show the results of 9 Nuclear Magnetic Resonance profiles conducted in July
2019 in bofedales I and II, respectively. The locations of boreholes are shown in Fig. S7. Profiles show peat thickening towards the center of each
bofedal and pinching out at the margins. Blue dots correspond to volumetric water content (scale is at the base of each profile).
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Table 5

Material and hydraulic properties of the peat, clay, and mineral layers of the bofedales. Overall mean values and standard deviations were derived
from 10 downhole NMR surveys conducted in June 2019. VWC and porosity reported in units of cm®/cm?. Drainable porosity is equal to the difference
between mean porosity and estimated field capacity.

Subsurface stratum fg itfl.75 m thick) 8?}1’ 2 m thick) Underlying mineral layer (meters thick)
Bofedal I mean porosity 0.92 +£0.12 0.46 +£0.13 0.38 £ 0.046

Bofedal II mean porosity 0.86 + 0.12 0.52 +0.13 0.39 + 0.046

Overall mean porosity 0.88 +0.12 0.51 +0.13 0.39 + 0.046

Estimated VWC at field capacity 0.46 0.30 0.20

Drainable porosity 0.42 0.21 0.19

Mean saturated hydraulic conductivity (m/d) 14.3 +13.1 2.6 £6.2 0.5+ 0.8

Table 6
Area, upslope contributing area, and average dynamic storage in bofedales (I-IV). Final row estimates average dynamic storage applied to the
0.244 km? of bofedales scaled to represent runoff in the URW.

Site Area (km?) Upslope contributing area (km?) Drainable dynamic storage (mm)
Bofedal I 0.002 0.022 390 + 30
Bofedal II 0.085 0.428 540 + 60
Bofedal II 0.007 0.036 430 + 40
Bofedal IV 0.027 0.113 360 =+ 30
Mean 0.030 0.150 430 + 40

porous dark peat, greasy in texture with partially to completely decomposed organic matter up to 1.75 m thick (Table S7); 3) highly
plastic glaciofluvial clays and silts up to 1.2 m thick; and 4) weathered clayey-silty saprolite or glacio-fluvial deposits that are several
meters thick (photograph in Fig. 6a shows only the upper three layers). We did not observe confining layers, a perched water table, or
groundwater under artesian pressure. Hydrophytic plant roots extended beyond the depth of peat into underlying clays or mineral
layers (to depths exceeding 1.5 m).

Downhole NMR data from 10 borehole transects in bofedales I and II showed similar trends in the stratigraphy of different layers
(with peat thickening towards the center of the bofedal) and a decrease in VWC through the profile (Fig. 6b, c). The signal to noise ratio
was large, indicating the data were of high quality (Fig. S10). The porosity of each layer (determined from measurements below the
June 2019 water table) showed small standard deviations across all measurements (Table 5). Drainable porosity and saturated hy-
draulic conductivity decreased by approximately one order of magnitude from peat to clay and from clay to the mineral layer.

3.2.2. Seasonally dynamic water storage and runoff in the URW

Average dynamic storage in bofedales I-IV varied from 360 to 540 mm (Table 6). The range is primarily due to differences in the
thickness of the high porosity peat which thickened towards the center (Fig. 6b, ¢) and was thickest in bofedal II (1.75 m, Table S7).
Smaller bofedales such as I, III, and IV, exhibited thinner peat layers (0.50 — 1.0 m).

Bofedales cover an area of 0.244 km? across the URW. By combining our surveys of four bofedales with borehole NMR mea-
surements and groundwater monitoring, we estimate bofedales store 105,000 + 10,000 m® of water seasonally. At the scale of the
URW (2.12 km?), this volume corresponds to 49 + 5 mm of water which contributes to dry season runoff once the bofedales begin to
drain. Conservatively, we can compare bofedal dynamic storage to total dry season runoff, which averaged 73.2 4+ 18.2 mm at Site 3
and 114.9 + 21.4 mm at Site 1. Bofedal water storage accounts for 67 & 31% of dry season streamflow at Site 3, and 43 + 22% of dry
season streamflow at Site 1.

4. Discussion

Andean communities depend on water resources emanating from the humid puna; however, data relating the physical structure of
the humid puna, including bofedales, to hydrologic processes are limited. Here, we discuss our key findings in the context of our
motivating questions by first comparing seasonal patterns in water yield from the URW with the few existing studies of water resources
in high elevation and seasonally dry Andean landscapes. We next highlight our discovery of higher runoff from subbasins with greater
bofedal coverage and compare seasonally dynamic storage in bofedales with dry season runoff and downstream water needs. We
discuss the limitations of our analyses and present a conceptual model of the hydrologic function of bofedales in regulating water
resources and sustaining perennial streamflow in the humid puna.

4.1. Water resources in the humid puna
A comparison of catchments in high elevation and seasonally dry Andean landscapes is useful to place the URW in the context of the
region and to highlight similarities and differences between humid puna and more extensively studied humid paramo catchments. We

compare published hydrologic and topographic data from five similar high elevation grassland catchments (Table S10). Two of the

12
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catchments are in the seasonally dry puna of Perti and Bolivia (HUA1 and TIQZ2, from Ochoa-Tocachi et al., 2016), and three are in the
perennially humid paramo of southern Ecuador (PAU1 from Ochoa-Tocachi et al., 2016, and ZEO M4 and M5 from Mosquera et al.,
2015).

The URW (elevation range 4011 — 4543 m.a.s.1.) lies within the elevation range of the comparison catchments, (3665 — 4840 m.a.s.
L.). Nearly 16% of subbasin 3 is covered in bofedales, which is within the reported range of the 5 catchments (5 — 18%). No bofedal
coverage estimates were given for PAU1 in Ochoa-Tocachi et al. (2016), so an estimate of 8% was derived using Google Earth Pro.
While Ochoa-Tocachi et al. (2016) report the bofedal coverage of HUA1 to be 15%, we estimated the bofedal coverage at HUA1 to be
closer to 5% using Google Earth Pro. The underlying geology of ZEO and PAUL1 is predominantly composed of lava flows and ash
deposits with very low permeability (Mosquera et al., 2015; Buytaert et al., 2007). The parent material weathers to form Andosols with
high water retention capacity (e.g., Buytaert et al., 2006b; Buytaert and Beven, 2011; Mosquera et al., 2020b). HUA1 is a mix of
sandstones and mudstones (Cobbing and Sanchez, 1996), with soils classified as Andosols and Inceptisols. Limited geological infor-
mation was available for TIQ2 beyond soil classification (Lepitsols and Inceptisol).

As with the URW and the larger VUB, runoff in the five catchments is driven by precipitation inputs. The URW has a slightly lower
annual precipitation (803 mm) compared to the other catchments, which range from 871 mm (TIQ2) to 1358 mm (PAU1). The runoff
ratio in the URW (0.57 — 0.74) was similar to runoff ratios in all catchments except for TIQ2 (0.29).

A comparison of the flow duration curves (FDC) to the two puna catchments shows the URW to have a more gentle overall slope
(Fig. 7). Runoff in TIQ2 exceeds runoff in the URW during high flows and is much smaller at low flows. TIQ2's low runoff ratio and
lower baseflow may be attributable to less bofedal coverage, lower average slope, large interannual storage in cirque lakes, and/or
higher rates of evapotranspiration. Peak flows in HUA1 are higher than the URW, however, the slope of the FDC is large, and runoff is
less than in the URW at medium to low flows (> 40% exceedance). The large slope indicates little baseflow and the flashiness of HUA1
may be a result of limited upland storage due to steep headwalls of exposed bedrock.

Runoff in the three humid paramo catchments is consistently higher than in the URW. Peak runoff is 22-78 mm/d in the humid
paramo, while peak runoff in the URW reaches only 11 mm/d. In the humid paramo, large annual rainfall and no distinct dry season
(Balslev and Luteyn, 1992; Luteyn, 1999; Padron et al., 2015) results in consistent near saturation conditions in organic rich and
peat-forming Histosols (wetlands) (e.g., Mosquera et al., 2015), smaller seasonal dynamics in catchment-wide water storage (e.g.,
Buytaert et al., 2007, Lazo et al., 2019), flashiness in peak flows (e.g. Mosquera et al., 2015; Lazo et al., 2019), and an FDC with a gentle
slope. The gentle slope results from near constant rainfall, the buffering capacity of organic-rich upland Andosols (e.g., (Harden, 2006;
Minaya et al., 2016; Buytaert et al., 2005), rapid development of a perched water table (e.g., Mosquera et al., 2020a), which leads to
sustained recharge of wetlands and runoff generation in streams (e.g., Lazo et al., 2019; Mosquera et al., 2015, 2022).

Unlike the humid paramo, the URW experiences a dry season of approximately 5 months, and contains no Andosols, nor a perched
water table in upland soils or at the soil-bedrock interface. The slope of the URW’s FDC over the middle third (flow exceedance
probability between 33% and 66%) is — 1.49, similar to the FDC slopes of the humid paramo catchments (Table S10). In a seasonally
dry environment, a gentle sloped FDC suggests the presence of dynamic water storage at the watershed scale (e.g., Searcy, 1959;
Buytaert et al., 2007; Yadav et al., 2007; Ochoa-Tocachi et al., 2016). Such storage may explain recent modeling results which show
high baseflow emanating from the humid puna landscape within the VUB (Fernandez-Palomino et al., 2021).

4.2. Bofedales and water yield in the URW

We found higher runoff in subbasins with greater bofedal extent. Recent studies in the humid paramo of Ecuador report similar
relationships between peak runoff and wetland coverage (Mosquera et al., 2015) or between catchment wide storage and the extent of
histosols (Lazo et al., 2019). The presence of wetlands in humid environments may limit catchment-wide storage capacity (e.g., Rodhe,
1989), resulting in high peak flows (Pearce, 1990; Burt, 1995; Quinton et al., 2003; Bullock and Acreman, 2003) dominated by
‘event-water’ (e.g., Laudon et al., 2007). The spatiotemporal patterns of runoff in the URW differ from these studies in two primary
ways. First, we found no relationships between bofedal coverage or mean runoff and the size of the subbasin. Second, we found a
stronger relationship between bofedal coverage and runoff at low flows, similar to studies relating greater baseflow to thicker sedi-
mentary deposits and more extensive wetlands in boreal catchments (e.g., Karlsen et al., 2016; Floriancic et al., 2019).

Wet and dry season runoff were anomalously high at three sites in the lower part of the URW: Site 1, Site 2, and the Western
subbasin. Mean slope throughout these three subbasins was between 23° and 25°, slightly steeper than in other subbasins (Table S1).
Bofedales covered 11.5% and 14.5% of sites 1 and 3, respectively, but only 7.7% of the Western subbasin. Between Site 3 and Site 2, the
valley morphology changes from broad and U-shaped to narrow and V-shaped with a steep, bedrock-confined channel. Changes in
morphology from glaciated valleys with thick deposits to deeply incised stream morphology would decrease subsurface storage ca-
pacity as glacial deposits are removed to expose bedrock and might force flow to the surface resulting in greater stream runoff
(Prancevic and Kirchner, 2019; Gillespie and Clark, 2011; Whiting and Godsey, 2016). Large runoff in the Western subbasin may be
associated with extensive limestone karst in the headwaters, which are often productive water sources (e.g., Villacorta et al., 2016;
Somers and McKenzie, 2020). Although there is a statistically significant fit for all data, the dry season fit improved markedly by
excluding data from the three outlier catchments. The outlier catchments serve as a reminder of the additional factors (lithology and
topography) controlling the hydrologic response of small (< 10 km?) upland catchments (e.g., Ochoa-Tocachi et al., 2016; Lahuatte
et al., 2022) such as the URW (2.12 km?).
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4.3. Dynamic storage in bofedales, quantifying contributions to streamflow

Bofedal I saturated after an average of 197 mm of cumulative precipitation, far less than the precipitation required to directly
recharge one meter of peat with a porosity of 0.88 (> 880 mm). The topographic setting, temporal correspondence between hillslope
field capacity and saturation in bofedal I, and a dynamic storage capacity exceeding cumulative precipitation at the time of saturation
support previous studies identifying groundwater flow as the primary recharge mechanism (e.g., Cooper et al., 2019; Valois et al.,
20205 Valois et al., 2021). Integrating measurements of drainable porosity in all layers over the dynamic range of the water table yields
an average dynamic storage capacity of 430 mm (Table 6).

We are aware of only two studies quantifying water storage capacity in bofedales, both conducted in streamside bofedales in a
narrow canyon of the Estero Derecho watershed in Chile (Valois et al., 2020; Valois et al., 2021). The Chilean bofedales are ~0.02 km?
(smaller than bofedal IV) and composed of a ~0.3 m thick layer of peat and underlying fluvial deposits. The authors calculated total
porosity (0.34) over a depth of 10 m to estimate a total water storage of up to 3400 mm. We suggest, however, that a more useful
calculation would yield the amount of water a bofedal yields to streams. If we assume the Chilean bofedal has the same maximum
water table depth as in the URW’s bofedales (1.94 m), and the drainable porosities for the 0.3 m of peat and 1.64 m of underlying
deposits reported in the Chilean bofedal are the same as in the URW (0.42 and 0.21, respectively), the bofedal would yield a total of
438 mm of water to streams. This brief analysis yields a comparable dynamic storage to the URW and suggests bofedales across the
Andes may be contributing large volumes of water to dry season streamflow.

From the time bofedales begin to drain in the middle of the dry season (early July) to the start of the wet season (early to mid-
October), irrigation demand in Zurite is approximately 730 mm (Wunderlich, 2021; Oshun et al., 2021). Chacras, or family-owned
agricultural plots, are typically 0.25-1 ha (0.0025 — 0.01 km?) (Oshun et al., 2021). The total dynamic storage of the URW’s bofe-
dales (105,000 m?) meets the dry season irrigation demand of 13.0 — 15.7 ha (0.13 - 0.157 kmz), equivalent to the needs of 13 - 63
chacras. Bofedales, which are fragile and vulnerable ecosystems (e.g., Bridgham et al., 2008; and Anderson et al., 2021), provide
important contributions to local water supply and overall water security.

4.4. Limitations and potential error in water balance and bofedal dynamic storage estimates

4.4.1. Limitations and potential error in water balance

Our estimates of ET, relied on the conversion of ET, to ET, via a crop coefficient (0.85) throughout the year in bofedales. For the
uplands covered in J. ichu, we used a conditional model, which applies a crop coefficient (0.74) to convert ET, to ET, when conditions
exceeded field capacity at 0.2 m depth and via direct measurements of moisture loss at conditions below field capacity. Each crop
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Fig. 7. Comparison of the Upper Ramuschaka Watershed flow duration curve (FDC) and published FDCs from 2 humid puna catchments (HUA1 and
TIQ2 from Ochoa-Tocachi et al., 2016) and 3 paramo catchments (PAU1 from Ochoa-Tocachi et al., 2016, and ZEO M4 and M5 from Mosquera et al.,
2015). For ZEO M4 and M5, published data include 0.5%, 10%, 30%, 50%, 70%, 90%, and 99.5% exceedance, only. The lack of continuous data
results in straight lines in the FDCs at high and low flows.
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coefficient is an imperfect fit as there are no published crop coefficients for the humid puna uplands, nor for bofedales. With each
method, we report ET, estimates and an error of 30%. Annual ET, accounts for 34 — 35% of annual precipitation (Table 4), which
corresponds well with estimates of pastureland ET, across the VUB (Fernandez-Palomino et al., 2021), and to values reported in
natural (and wetter) catchments in the paramo (Buytaert et al., 2007). However, more recent studies in the paramo report ET, ac-
counting for a much greater proportion of annual precipitation (e.g., Carrillo-Rojas et al., 2019; Ochoa-Sanchez et al., 2019). In WY20,
greater subsurface drying (likely from vigorous vegetation growth following a grassland fire in late July 2019) resulted in a storage
deficit of 69 mm (Table 4). In WY21, cumulative precipitation was larger at the time of field capacity, bofedal I saturation, and a rise in
stream runoff above 1 mm/d, as greater amounts of precipitation replaced the moisture deficit across the rooting zone (Table 3).
Interannual storage was 51 mm in WY21, likely due to replenishing the deficit across the rooting zone (Table 4). Whereas ET, estimates
are provided with a large range of uncertainty, the well constrained rating curves and low runoff error (12 — 13%) provide a robust
estimate of water yield and corroborate the ET, estimates.

4.4.2. Limitations and potential error in bofedal dynamic storage estimates

There are two possible sources of error in the bofedal dynamic storage estimates: spatial heterogeneity in bofedal soil properties
and continuous water table dynamics across the entire URW. We have attempted to limit the extent of this error by collecting data
across transects that span four bofedales covering a combined area of 0.12 km? (50% of the URW’s total bofedal area). The transects
show consistent patterns such as peat thickening towards the center of the bofedal (Fig. 6, Fig. S11-14). Furthermore, the porosity
values are well constrained across the borehole transects, suggesting similar material properties across all bofedales, and the drainable
porosity of peat (0.42, 47% of total porosity) is within the range of peat water yield (10 — 80%) depending on the degree of organic
decomposition (Radforth and Brawner, 1977; Letts et al., 2000). We note that this is the first study to use NMR to quantify peatland
water storage and highlights the value of this portable system in examining the porosity and water content within the humid puna
(Fig. 6).

Despite extreme topography and a lack of road-access that required us to carry a drill rig to bofedal I, we were able to drill Well 102.
However, this terrain prevented us from drilling a well in bofedal II limiting our water table measurements to one bofedal. Well 102
allowed us to measure seasonal water table fluctuations and a maximum water table depth of 1.94 m. While 1.94 m is greater than
reported maximum water table depths in other bofedales (Hribljan et al., 2015; Cooper et al., 2019; Oyague et al., 2022; Monge-Salazar
et al., 2022), it is similar to studies of bofedales experiencing moderate drainage (Planas-Clarke et al., 2020). In the URW, dry season
drainage is likely driven by natural stream incision, which may affect the health of cushion plants despite their long taproots observed
to extend to depths approaching 2 m (e.g., Chimner et al., 2019; Suarez et al., 2021; Fritz et al., 2011).

Although we do not have measurements of the maximum water table depth across all bofedales in the late dry season, our
assumption of spatial consistency in groundwater dynamics is supported with the following observations: (1) The saturation of Well
102 closely followed the timing of field capacity in the hillslope, and roughly coincided with a transition to sustained high runoff
values throughout the URW; and (2) similar average depths to the water table in the wet and dry seasons were found across the
bofedales (Table S7). These observations would be strengthened through an expanded groundwater monitoring network, including
wells in upland areas, and through the application of a conservative tracer to identify flow paths. Finally, while our site may provide
insight into other similar puna grasslands catchments in the region, additional analysis at the URW and comparable analysis at other
sites, including detailed information on watershed size, elevation, aspect, and geologic and hydrogeologic parameters of subsurface
substrates, are needed to quantify relationships between bofedal size and dynamic water storage at the regional scale.

4.5. Conceptual model of bofedal hydrology

Bofedales contribute to catchment wide water storage and sustain baseflow through three mechanisms (Fig. 8). First, bofedales
form in low gradient, glacially carved landscapes. Upland bofedales form in cirques, in which lakes or ponds become peat-forming
through a process of terrestrialization. Bofedales are thus located in interior basins that, in the URW, are 4 — 12 times greater than
the bofedal itself. Thus, bofedales intercept large volumes of groundwater, which leads to seasonal saturation. Second, layers of high
porosity peat (with high drainable porosity) form a natural sponge to seasonally store tremendous volumes of water. Third, the
combined effects of a low water table gradient and low hydraulic conductivities in underlying clay and mineral layers, result in the
slow release of water from bofedales to streams. Although our study is the first to quantify the hydrology of bofedales in the context of
water resources in the humid puna, previous studies have shown water flowing through wetlands to have longer mean transit times (e.
g., Lyon et al., 2010; Roa-Garcia and Weiler, 2010; Buytaert et al., 2011; Lane et al., 2020; Lazo et al., 2019) and argued the presence of
wetlands increases or dominates the existing catchment wide water storage (e.g., Lane et al., 2020).

The impact of bofedal groundwater dynamics on streamflow is best illustrated through the three phases: ‘fill-up,” ‘steady-state,” and
‘release.” In the fill-up phase, precipitation recharges the unsaturated zone to field capacity as the water table in bofedales continues to
fall to nearly 2 m below the ground surface. After an average of 138 mm of precipitation, field capacity is reached in the upland rooting
zone, causing drainage, and groundwater inflow to the bofedales. Bofedales saturate at the beginning of the steady-state phase. At this
point, seasonally dynamic water storage in the URW has approached the storage capacity, and runoff rapidly increases as the
catchment sheds additional precipitation. We note the likelihood of saturation overland flow across bofedales during the steady-state
phase. The end of the rainy season in May — June marks the start of the release phase. Groundwater from hillslopes continues to move
through bofedales to streams at rates sufficient to maintain saturation in the bofedales until an average of 41 days into the dry season,
at which point the water table begins to fall at an average rate of 14 mm/day. Additional moisture depletion in the peat and clay below
field capacity occurs due to transpiration of deeply rooted hydrophytic plants.
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Fill - up Release

Fig. 8. We conceptualize the hydrologic function of bofedales (figure not meant to be drawn to scale) as ‘way stations’ at the interface between deep
groundwater dynamics within the upland hillslopes and streamflow. A large contributing upland area (4-12 times the size of the bofedal) supplies
groundwater to the bofedal. The bofedal is composed of layers of peat, clay and saprolite/glaciofluvial sediments. In the fill-up period, rain re-
charges groundwater and drives flow to bofedales, filling layers of clay and high porosity peat. Runoff in streams is small. Once the bofedal sat-
urates, catchment wide storage capacity is filled, and successive storms generate a steady-state response generating large streamflow. In the release
phase, the absence of precipitation leads to decreased groundwater contributions to bofedales and they drain slowly through low conductivity basal
layers, sustaining dry season baseflow.

5. Conclusion

The URW, a 2.12 km? humid puna catchment draining to the agrarian village of Zurite, yields 57-74% of annual rainfall to runoff.
Despite a dry season lasting up to 5 months, the FDC of the URW shows a gentle slope, and 12% of annual runoff comes in the dry
season. The gentle slope of the FDC and sustained dry season streamflow are the result of large seasonally dynamic water storage at the
catchment scale. Spatiotemporal discharge measurements throughout the URW identified greater runoff emanating from subbasins
with greater bofedal coverage across all seasons. Three key characteristics provide large seasonally dynamic water storage and make
bofedales vital sources of baseflow. First, bofedales are found in topographic depressions that collect water from upslope areas 4-12
times their size. Second, high porosity peat up to 1.75 m thick seasonally stores tremendous volumes of water. Third, a gentle water
table gradient in gently sloping bofedales and the low conductivity of underlying clay and mineral layers result in the slow drainage of
stored water to streams. We estimate bofedal dynamic storage capacity and water yield to streams to be 49 + 5 mm at the scale of the
URW. Bofedales, which drain in the dry season, account for 20 — 98% of dry season flow in the URW, sufficient to meet the irrigation
demands of 13-15 ha. We conclude that bofedales regulate flow to sustain perennial streams in the humid puna and are thus vital to
local and regional water security.
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