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Abstract 9 

Region: Humid puna of the Central Andes 10 

Focus: Bofedales, or low gradient peat-forming wetlands, are a characteristic feature of the humid puna - a high elevation, seasonally 11 

dry grass- and shrub-land found throughout the Central Andes. Despite the importance of the humid puna in supplying water to 12 

downstream communities, and the inference that bofedales may play an important role, few studies have explored the hydrology of the 13 

humid puna, and none have quantified the amount of water bofedales contribute to streamflow. We designed a 3-year study in the 14 

Upper Ramuschaka Watershed (URW), a 2.12 km2 humid puna catchment sustaining a perennial stream used for irrigation. We 15 

monitored precipitation, subsurface moisture, bofedal groundwater, and streamflow, measured discharge in 19 nested subbasins 16 

through the wet and dry seasons, and investigated the structure and hydraulic properties of bofedales. 17 
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Hydrological Insights: We discovered a positive relationship between unit runoff and the percent of bofedal cover across subbasins. 18 

Bofedales collect groundwater from areas 4-12 times their size, store large volumes in high porosity peat, and release water to streams 19 

through lower conductivity layers. Bofedales cover 11.6% of the URW, dynamically store 105,000 m3 ± 10,000 of water and yield 49 20 

± 5 mm to streams in the dry season, accounting for 20 – 98% of catchment-wide dry season runoff. Bofedales regulate drainage from 21 

the humid puna to downstream communities and are therefore vital to local and regional water security. 22 

 23 

Keywords: bofedales; puna; water resources; wetlands; natural infrastructure; nuclear magnetic resonance  24 
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1.0 Introduction 25 

 26 

The humid puna, a seasonally dry alpine grass- and shrub-land that exists at the altitudinal limits of plant survival, sustains 27 

perennial streams identified as important water sources throughout the Central Andes (Squeo et al., 2006; Bradley et al., 2006; Vuille 28 

et al., 2008; Buytaert et al., 2009, Celleri et al., 2010; Maldanado Fonken, 2014; Drenkhan et al., 2015; Ochoa-Tocachi et al., 2016). 29 

The humid puna is found between 8o S and 15o S latitude, at elevations between 2,000 and 6,000 m.a.s.l. and currently covers an 30 

estimated 18.6% (236,220 km2) of the Tropical Andes from central Perú through northeastern Bolivia (e.g., Josse et al., 2009). Under 31 

the Intergovernmental Panel on Climate Change (IPCC) carbon emissions scenario A1B (1o C to 1.5o C projected regional temperature 32 

increase) an estimated 21.6% of glacierized and cryoturbated land area in the Tropical Andes will be replaced by humid puna from 33 

2010 to 2039 (Tovar et al., 2013). As the climate warms and the humid puna migrates upslope, understanding and predicting changes 34 

to local and regional hydrologic processes will be vital to future water security.   35 

Mean annual precipitation in the humid puna varies from 600 mm to 2,000 mm, resulting in a wetter climate than the dry puna 36 

found in Argentina and Chile and a drier climate than the jàlca and páramo biomes of the northern Andes (Squeo et al., 2006; Josse et 37 

al., 2009; Tovar et al., 2013; Ochoa-Tocachi et al., 2016). Precipitation in the humid puna falls primarily between December and 38 

April, with a near-absence of precipitation from May to August (e.g., Squeo et al., 2006; Garreaud, 2009; Drenkhan et al., 2015; 39 

Ochoa-Tocachi et al., 2016; Aybar et al., 2020). Stream discharge contains significant contributions from precipitation-fed 40 
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groundwater, even in watersheds receiving glacial meltwater (e.g., Baraer et al., 2009; Somers et al., 2009; Buytaert et al, 2017; Glas 41 

et al., 2019; Somers et al., 2019), which suggests large and seasonally dynamic water storage within the puna landscape.  42 

 The landscape of the puna is characterized by complex topography of steep hillslopes, prominent ridges, and exposed bedrock 43 

outcrops (Josse et al., 2009; Oliveras et al., 2014; Ochoa-Tocachi et al., 2016). The landscape often shows glacial features, such as 44 

steep, amphitheater shaped uplands of exposed bedrock or tussock grasses draining to low gradient basins filled with quaternary 45 

fluvial, glaciofluvial, and/or colluvial deposits (Josse et al., 2009; Somers and McKenzie, 2020). These basins host wetlands known as 46 

‘bofedales’ (singular: ‘bofedal’) - seasonally or perennially saturated peat-forming alpine wetlands with distinct hydrophytic plant 47 

assemblages found in topographic depressions, valley bottoms and along watercourses within the humid and dry puna (Cooper et al., 48 

2009; Squeo et al., 2006; Josse et al., 2009; Maldanado Fonken, 2014; Salvador et al., 2014; Polk et al. 2019). The extent of bofedales 49 

in the Pervuian Andes is estimated to be nearly 550 km2 (Ministry of the Environment, Perú, 2019). Bofedales are important ‘cultural 50 

landscapes’ (e.g., White-Nockelby et al.,, 2021) that have long provided grazing grounds for Andean camelids (e.g., Palacios Ríos, 51 

1977; Orlove, 1977; Bryant and Farfan, 1984; Reiner and Bryant, 1986; Patty et al., 2010), have been linked to the presence and 52 

expansion of human settlements (e.g., Vining et al., 2019), and have been managed and expanded to sustain local water resources 53 

(Flores-Ochoa, 1977; Palacios Ríos, 1977; Erickson, 2000; Lane, 2006, 2009, and 2013, 2014; Vining et al., 2019; Uribe-Álvarez et 54 

al., 2021). 55 

Bofedales are inferred to be a ‘natural’ or ‘green’ infrastructure (e.g., Argüello 2018 ; Castillo and Crisman, 2019; López 56 

Gonzales et al., 2020) believed to seasonally capture, store, and release water; therein providing source water buffered from the 57 
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seasonality of rainfall (e.g., Earle et al., 2003; Flores et al., 2014; Maldanado Fonken et al., 2014; Salvador et al., 2014; Drenkhan et 58 

al., 2015). Here, we introduce the words ‘natural’ and ‘green’ while acknowledging many bofedales are ‘socio-hydrological’ systems 59 

(Yager et al., 2021) with a long history of indigenous management (as cited in the previous paragraph). Two factors likely contribute 60 

to the inference that bofedales represent a natural infrastructure. First, bofedales contain layers of high porosity peat that can be up to 61 

10 m thick (Hribljan et al., 2015; Engel et al., 2014; Cooper et al., 2019), which can store large quantities of water (e.g., Cooper, 2019; 62 

Valois et al., 2020; Valois et al., 2021). Secondly, as post-glacial features, bofedales are often found in lower gradient basins fed by 63 

large contributions of upslope groundwater (e.g., Gordon et al., 2015; Cooper et al., 2019). Although they are peat forming, bofedales 64 

are minerotrophic fens fed by groundwater rather than ombrotrophic bogs (Squeo 2006; Cooper et al. 2010, 2019; Maldonado Fonken 65 

2014; Salvador et al. 2014; Hribljan et al. 2016; Oyague et al., 2022). Whereas geophysical and hydrochemical methods have been used 66 

to estimate porosity and total water storage in bofedales (e.g., Valois et al., 2020; Valois et al., 2021), no study has yet quantified 67 

seasonally dynamic water storage in bofedales and linked these results to seasonal patterns in catchment water yield.  68 

Our study is focused on the Upper Ramuschaka Watershed (URW), a 2.12 km2 headwater catchment in the humid puna with 69 

11.6% of its area (24.6 ha) covered in bofedales. The URW is located within the Vilcanota–Urubamba Basin (VUB), a northwest 70 

flowing river system encompassing an area of 11,048 km2 (Drenkhan et al., 2018). Approximately 1,000,000 people live in the VUB, 71 

and most depend on water resources draining the humid puna (SEDACUSCO EPS, 2019). Approximately 78.2% of the VUB is 72 

covered in puna (Oshun et al., 2021; Josse et al., 2009; Ochoa-Tocachi et al., 2016) and the VUB hydrograph follows seasonal 73 

precipitation patterns – peaking during the wet season (December to April) and declining slowly through the dry season (Drenkhan et 74 
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al., 2015, EGESMA, Oshun et al., 2021). Glacier meltwater accounts for less than 2% of annual runoff in the VUB at larger watershed 75 

scales (Buytaert et al., 2017), with the vast majority of annual runoff coming from groundwater, and baseflow from the puna 76 

sustaining dry season flows (Fernandez-Palomino et al., 2021).   77 

The URW provides water to the agrarian district of Zurite (pop. 3,640; Municipalidad Distrital de Zurite, 2017), located at an 78 

elevation of 3,405 m.a.s.l. in the province of Anta, 40 km northwest of Cusco. Mean annual precipitation in Zurite (1981 – 2017) is 79 

848 mm, 95% of which typically falls between October and April, with the remaining 5% between May and September (Aybar et al., 80 

2020). The community of Zurite relies entirely on humid puna-derived water resources for agricultural and municipal use, much of 81 

which drains from the URW. Water is sourced primarily from the diversion and distribution through traditional surface water canals is 82 

managed by a local water commission (Oshun et al., 2021). Although there are 4 small reservoirs, the combined storage capacity is 83 

approximately equivalent to one day’s irrigation demand in the dry season. Dependence on local water resources, a pronounced dry 84 

season, and a lack of long-term water storage results in vulnerability to the approximately 5-month seasonal drought as well as, 85 

longer-term climatically driven changes in water resources.  86 

The URW thus represents a model watershed to explore the role of bofedales in sustaining societally important water resources 87 

in the humid puna. Specifically, we asked the following: 88 

1)    What are the annual and seasonal water yields from the URW, a humid puna watershed? 89 

2)    What are the temporal patterns linking precipitation to unsaturated zone storage inside hillslopes, groundwater storage in 90 

bofedales and runoff generation in the URW? 91 
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3)    What are the spatiotemporal patterns of runoff across the varied landscape of the URW? 92 

4)    What is the quantity of seasonally dynamic water storage in bofedales and what proportion of dry season runoff comes 93 

from bofedal drainage? 94 

To answer these questions, we collected hydrogeologic data over three water years (WY): WY2019 (1 September 2018 to 31 August 95 

2019), WY2020 (1 September 2019 to 31 August 2020), and WY2021 (1 September 2020 to 31 August 2021). We employed an 96 

integrated local environmental knowledge approach, which incorporated traditional and western scientific approaches to knowledge 97 

production and is described in detail in Oshun et al. (2021). The field campaigns occurred from June 2018 to September 2021 and 98 

focused on: 1) monitoring hydrologic inputs and outputs to calculate annual water balances; 2) determining spatiotemporal patterns in 99 

runoff through a novel campaign to measure discharge in nested subbasins ; 3) characterizing bofedal structure, installing monitoring 100 

wells, and employing borehole nuclear magnetic resonance (NMR) techniques to quantify the amount of water seasonally stored in 101 

bofedales  seasonal water storage in bofedales. Our results show bofedales store large amounts of water seasonally, and the slow 102 

drainage of this water contributes to perennial streamflow in the humid puna. 103 

 104 

2.0 Site Description and Methods 105 

 106 
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2.1 Site Description of the Upper Ramuschaka Watershed (URW) 107 

The 2.12 km2 URW sustains three perennial streams that form each of its three primary basins – the Western, (0.373 km2), 108 

Central (0.873 km2), and Eastern (0.797 km2) (Figure 1). These basins form a confluence approximately 150 m upstream of the 109 

downstream terminus of the URW, at a concrete diversion weir used by the community of Zurite to divert surface water for irrigation.  110 

The URW shows landscape features characteristic of the humid puna: bedrock outcrops, upland tussock grasslands, bofedales, 111 

and sparsely distributed xerophytic shrubs, primarily located in the lower elevation reaches of the catchment. The underlying bedrock 112 

of the URW is primarily the Eocene-age San Jeronimo Formation (Carlotto, 2010). The Central and Eastern basins are underlain by 113 

‘Capa Roja’ cliff -forming reddish-gray sandstone that is finely bedded to massive. The sandstone is interbedded with broad sections 114 

of tan to reddish gray to greenish gray finely bedded and extensively fractured weak mudstone, known as lutita. The lutita weathers to 115 

produce clay-rich soils. A sugary-white crystalline quartzite forms a steep bedrock-exposed ridge that divides two upper tributaries of 116 

the Central basin. The Western basin is predominantly underlain by the San Jeronimo Formation; however, limestone outcrops with 117 

extensive karst weathering are found in the headwaters of the Western basin. An Oligocene quartz monzodiorite intrusive underlies 118 

much of the lower western portion of the basin. 119 

The headwaters of the URW are defined by cliff forming headwalls of quartzite or sandstone and more gently sloping lutita. 120 

Low gradient basins are found below these steep headwalls. Poorly distinguished moraines and hummocky landforms are found along 121 

the margins of low gradient valleys (Figure 2). The topography of the landscape combined with its southern aspect suggest recent 122 

glaciation, perhaps during the Holocene.  123 
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Steep uplands are predominantly covered in the perennial tussock grass, Jarava ichu, which we observed to be rooted to a 124 

depth of approximately 1.2 m. Hydrophytic plants are found in the seasonally saturated bofedales. Common species are Distichia 125 

muscoides, Oxychloe andina, and Plantago tabulosa, but there is no Sphagnum moss, which is consistent with the Distichia peatlands 126 

presented in Maldanado Fonken (2014). The community of Zurite implemented efforts to stabilize hillslopes in the lower URW via 127 

afforestation with Polylepis sp. in 2018. Despite the afforestation campaign, most Polylepis shrubs remained small (1-2 meters tall 128 

with sparse branching) because of low growth rates through seasonal drought and a grassland fire in 2019. 129 

 130 

2.2 Geospatial Characterization and Discharge Measurements  131 

We combined land cover classification and topographic geospatial methods to characterize the URW and identify 132 

spatiotemporal relationships in URW water yield.  133 

 134 

2.2.1 Land Cover Classification 135 

We used ENVI 5.5 (L3Harris Geospatial) to classify four land cover classes in the URW: ‘Bofedal’, ‘Upland’, ‘Outcrop’ and 136 

‘Shrubland’. We performed supervised classification on 1-meter resolution Esri World Imagery of the URW with the support vector 137 

machine (SVM) algorithm following the ITT (2008) and L3Harris Geospatial (2019) methods. We quality controlled the resulting land 138 

cover classification vectors via ground truthing during field campaigns and with high-resolution (8.3 cm/pixel) orthoimagery produced 139 

from Unmanned Aerial Vehicle (UAV) surveys. 140 
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 141 

2.2.2 Topographic Data Collection and Processing  142 

In June 2019, we flew a DJI Phantom 4 Pro UAV to collect photographic data of the URW with 80% coverage overlap at 200 143 

feet above the ground surface. We deployed 26 Ground Control Points throughout the URW, surveyed with an Eos Real Time 144 

Kinematic (RTK) Global Positioning System (GPS) to ground truth photogrammetric elevation products (Supplementary Material S1). 145 

Reported mean horizontal error on surveyed GCPs was 0.097 m and mean vertical error was 0.113 m. 146 

We used Agisoft Metashape Professional to post-process UAV surveys into 1-m/cell resolution Digital Elevation Map (DEM) 147 

and 8.3 cm/pixel resolution orthoimagery products using protocols from the United States Geologic Survey (2017) and Dietrich 148 

(2015). Watershed boundaries for the two stream gages, and targeted discharge points were delineated using the 1-m resolution DEM.  149 

 150 

2.3 Hydrologic Monitoring  151 

2.3.1 Annual Water Balance 152 

We measured precipitation (P), evapotranspiration (ET), and runoff (q) to estimate interannual storage (∆S) and construct 153 

annual water balances. Water balances are referenced to Site 3 (Figure 1). Uncertainty for each component of the annual water balance 154 

is reported in both mm and as a percentage of annual precipitation. In the following, we describe the methods for measuring or 155 

calculating P, q, and ET. Due to the incomplete data set for WY2019, which lacked upland soil and saprolite and groundwater 156 

measurements used to estimate ET, we focus our water balance analyses on WY2020 and WY2021.  157 
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 158 

2.3.2 Precipitation 159 

Precipitation and air temperature were measured from June 2018 through March 2022 in the Central Basin, near Site 3 (4,171 160 

m), using a HOBO Onset RG3 tipping bucket rain gage with a resolution of 0.2 mm. We also installed a RG3 rain gage in the in the 161 

town of Zurite at 3,411 m. 162 

The start of the annual water year (September 1) corresponds with the end of the regionally dry austral winter and marks a 163 

gradual transition into the wet season. Here, we define the dry season as occurring when 15-day cumulative antecedent precipitation at 164 

the URW rain gage remained less than 10 mm. Conversely, the wet season was defined as the period when 15-day cumulative 165 

antecedent precipitation equaled or exceeded 10 mm. 166 

There are no existing precipitation products (Aybar et al., 2020) with fine scale resolution to account for orographic effects 167 

between Zurite and the URW. To account for orographic effects, we extrapolated a per-meter difference in 15-day antecedent 168 

precipitation measured at our two tipping bucket rain gages installed in the URW and Zurite (Supplementary Material, S2). We note 169 

that the battery in the URW gage failed in September 2021, and we thus present precipitation data from Casa Zurite (3,411 m) for the 170 

WY2022 wet up.  171 

 172 
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2.3.3 Streamflow in the URW  173 

In June 2018, we installed stream gages in the Central basin (Site 3) and directly above the diversion canal (Site 1)   The area 174 

draining to Site 3 is 0.806 km2 and the total area draining to Site 1 is 2.11 km2. At each location, we connected a slotted PVC staff 175 

gage (with demarcations to 1/50th of a foot) to rebar stakes driven into the channel bed and installed one HOBO U20L-001 water level 176 

logger inside the pipe. A separate pressure transducer was installed in a streamside bush to account for barometric pressure.  177 

Measurements were taken at 15-minute intervals and logged in the sensor. Every 2- to 5-months data were manually downloaded and 178 

post-processed to account for any sensor drift or variability in reinstallation of the water level logger (Supplementary Material S2.3). 179 

We measured stream discharge using the salt dilution technique (Hudson and Fraser, 2005) on 14 dates from June 2018 - 180 

August 2021 to develop rating curves relating stage height to discharge (Supplementary Material 2.3). At Site 3, we developed two 181 

rating curves separated before and after a high flow event in March 2019.  At Site 1, the high flow event substantially changed the 182 

channel geometry. We present Site 1 data from April 2019 onward, using only one rating curve. We scale discharge by watershed area 183 

to present hydrographs of unit runoff (mm/day) for WY2019, WY2020, and WY2021. Runoff at Site 3 was used in water balances for 184 

WYs 2020 and 2021. Error in runoff estimates was calculated by the mean residual error from all discharge measurements used to 185 

develop each rating curve. We focus our analyses on Site 3 due to a better fit of the rating curve, lower error estimates, and because 186 

there were no changes in stream morphology over the length of the monitoring period. 187 

 188 
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2.3.4 Subsurface moisture dynamics and estimates of grassland evapotranspiration 189 

We estimated ET fluxes from upland J. Ichu hillslopes by directly measuring changes in soil and saprolite moisture. In January 190 

2019, we installed four Teros-12 volumetric water content (VWC) sensors (Meter Group Inc., 2018) horizontally in the upslope face 191 

of undisturbed soil and saprolite. Sensors were installed at depths of 20 cm and 60 cm (soil) and at 90 cm and 120 cm (saprolite). The 192 

sensors recorded VWC at 15-minute intervals. Data were manually downloaded every 2 to 5 months and post-processed to produce 193 

daily average VWC. We calculated seasonal dynamics of moisture storage (mm) over the profile by multiplying changes in VWC at 194 

each sensor by an assigned depth range (Supplementary Material S2.2). 195 

 To distinguish ET fluxes from drainage, we estimated field capacity (defined here as the VWC of a freely drained soil or 196 

saprolite) as the median VWC value between January 1 to April 15 (Supplementary Material S2). During this period, we assumed 197 

increases in VWC beyond field capacity resulted in vertical drainage below the depth of the sensors, and more importantly the rooting 198 

zone, leading to either increased moisture content in unsaturated weathered bedrock, or to groundwater recharge (e.g., Abdelnour et 199 

al., 2011). When soil moisture was greater than the field capacity estimate, we used a crop coefficient of 0.80 to convert potential 200 

evapotranspiration (PET) to actual evapotranspiration (AET) for the J. ichu grasses in the uplands. We assumed decreases in VWC 201 

below field capacity were due to plant-root uptake or evaporation (e.g., Abdelnour et al. 2011). We converted VWC to mm of storage 202 

by multiplying the VWC over the depth range of the sensor (Supplementary Material S2.2). ET was then calculated as the sum of 203 

moisture loss below field capacity across all layers of the rooting zone in mm/day. We extrapolated the ET in our measured profile to 204 

the area classified as ‘Upland’, which accounts for approximately 83% of the Site 3 subbasin and incorporated it in the annual water 205 
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balances for WY2020, and WY2021. We estimated error in ET via the reported instrument error of +/- 3.00% for uncalibrated Teros-206 

12 sensors in a mineral soil system (Meter Group, Inc, 2019). We acknowledge additional error may arise from extrapolating J. Ichu 207 

ET estimates to all areas classified as ‘Upland’. 208 

 209 

2.3.5 Seasonal water dynamics and estimates of bofedal evapotranspiration   210 

To estimate ET fluxes from seasonally saturated bofedales, we combined direct measurements of groundwater with a simple 211 

evaporative flux model. In June 2019, we drilled to 11m in Bofedal A and installed monitoring Well 102. Well 102 was cased using 212 

slotted 65 mm diameter PVC pipe with end caps. We installed a HOBO U20-001 30-ft water level logger to measure water table 213 

dynamics at 15-minute intervals. We manually measured the depth to the water table from the top of the well casing using a Solinist 214 

101 (Georgetown, Ontario, Canada) water level meter when downloading water level data every 2 to 5 months. 215 

ET fluxes from bofedales (which cover 11.6% of the URW) were estimated using a temperature-driven daily model in the 216 

Visualizing Ecosystems Land Management Assessment 2.0 (VELMA 2.0) graphical user interface (Abdelnour et al., 2011), which 217 

estimates PET by applying a modified version of Hamon (1963). When the water table was at the surface in Well 102, we assumed all 218 

bofedales across the URW were saturated and that AET from bofedales was equal to PET as water would evaporate off the surface of 219 

a lake. For time periods in which Well 102 was not saturated, we applied the AET estimates from our vertical VWC sensor array to 220 

the area classified as ‘Bofedal’ as a local approximation for AET. To account for error in PET estimates made from daily 221 

temperatures, we used the maximum error reported (+/- 30%) from Córdova et al., (2015), where temperature driven PET error was 222 
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estimated in the Ecuadorian páramo - a similar, albeit wetter tropical alpine grass- and shrub-land system occurring in the Andes north 223 

of the puna. 224 

 225 

2.4 Spatiotemporal Measurements of Discharge  226 

To explore landscape controls on water yield, specifically the effects of bofedales, we measured discharge via salt dilution 227 

(Hudson and Fraser, 2005) at 19 nested locations on 14 dates between June 2019 and September 2021 (Figure 1). We designed our 228 

campaign to test the implicit assumption of constant unit runoff throughout the URW and to explore whether unit runoff might 229 

increase from subbasins with a greater proportion of bofedal cover.  Discharge measurements were located within the Central (n = 9), 230 

Eastern (n = 8), and Western (n = 1) subbasins (Figure 1). All sites drained to Site1. The ‘West’ discharge point measured discharge 231 

from the Western subbasin - which we treated differently due to the widespread extent of limestone karst found exclusively in the 232 

Western basin headwaters. Subbasins topographic indices and bofedal extent are presented in Supplementary Material Table 1. 233 

Channel morphology ranged from relatively shallow-sloped reaches (local channel slope < 5%) that flowed through bofedal and wet 234 

alpine grassland settings to steep reaches (local channel slope >30%) with bedrock-confined flow. In most locations, the channel was 235 

incised into either bedrock, proglacial features, or bofedales. 236 

 237 
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2.5 Seasonal moisture dynamics in bofedales  238 

2.5.1 Material and hydraulic properties of bofedales 239 

To characterize material properties in bofedales we hand augered 33 boreholes across four bofedales in the Central and Eastern 240 

subbasins, referred to as bofedales ‘A’, ‘B’, ‘C’, and ‘D’ (Figure 1), in June 2019 (dry season) and January 2020 (wet season). 241 

Boreholes were augered with a 4-inch bucket auger along transects spanning from the upslope contributing hillslopes through the 242 

center of the bofedales. Sediments recovered from the boreholes were used to identify strata of peat, clay and underlying glaciofluvial 243 

deposits or weathered bedrock, henceforth referred to as the ‘mineral layer,’ along each transect. We extended the depth of a 3.2 m 244 

borehole in bofedal A to 11.1 m with the rotary drill to install Well 102.  245 

In June 2019, we collected downhole NMR measurements in 11 boreholes in Bofedales A and B using a portable NMR 246 

Logging System (Dart, Vista Clara, Inc., Mukilteo, Washington, USA). NMR is a geophysical method used to determine the porosity 247 

or water content of sediments and to estimate pore-size distributions and hydraulic conductivity (e.g., Behroozmand et al., 2015). 248 

Measurements were collected downward from the ground surface elevation in 0.25 m increments. The volume of investigation of each 249 

measurement 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 250 

(Walsh et al., 2013). Additional details on instrument parameters and data processing can be found in Supplementary Material S3. 251 

 252 
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2.5.2 Estimates of bofedal dynamic water storage 253 

To determine the seasonally dynamic water storage in bofedales, we first combined direct observations of sediment logs and 254 

NMR measurements in Bofedales A and B with continuous measurements of water table dynamics in Bofedal A, and water table 255 

observations in bofedales A-D. We then combined these data with direct observations of strata thicknesses to construct cross-sections 256 

and estimate seasonally dynamic water storage in bofedales A-D. 257 

In each layer of the bofedal, we determined ‘drainable’ seasonally dynamic water storage, or the amount of stored water that 258 

may drain to streams, as the difference between total porosity (VWC at saturation) and the VWC at field capacity (e.g., Abdelnour et 259 

al., 2011).  We derived porosity values in saturated peat, clay, and the underlying mineral layer from NMR logs in Bofedales A and B 260 

in June 2019. We estimated field capacity in peat to equal the VWC of unsaturated peat directly above the water table in June 2019. 261 

Clay and saprolite field capacities were determined from NMR measurements in unsaturated clay and saprolite at the margin of 262 

Bofedal B, in H5 and H6. We used the Inverse Distance Weighted (IDW) method in ArcGIS Desktop 10.1 software to interpolate the 263 

thicknesses of peat, clay and mineral layer strata and the water table depth between boreholes in bofedales A, B, C, and D in mid-dry 264 

season (June 2019) and mid-wet season (January 2020).  265 

We determined seasonally dynamic water storage by estimating the difference between saturated water content and field 266 

capacity within the dynamic range of observed groundwater dynamics, which spanned from the soil surface to well into the clay layer 267 

in each bofedal cross section. Maximum water table depth was measured in Bofedal A (Well 102) and extrapolated to bofedal cross-268 

sections B, C, and D. We divided the sum of cross-sectional dynamic storage by the length of the cross-section to calculate an average 269 
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depth of dynamic storage for each bofedal. We present the depth of dynamic storage as a range derived from NMR saturated water 270 

content standard deviations in each layer. We then extrapolated average dynamic storage in the four bofedal cross-sections across the 271 

extent of all mapped bofedales in the URW to estimate the total volume of water seasonally stored in and released from bofedales.  272 

 273 

3.0 Results 274 

 275 

3.1 Annual Water Balances and Dry Season Runoff 276 

Precipitation, subsurface moisture, groundwater, and runoff dynamics in the URW for WYs 2019 - 2021 followed seasonal 277 

cycles of an October to December wet-up, a sustained period of precipitation, high subsurface moisture and high runoff from 278 

December - April, and little to no precipitation and a prolonged recession in subsurface moisture and runoff from May - October 279 

(Figure 3). The shaded yellow bars indicate the dry seasons (defined by a 15-day cumulative precipitation below 10 mm) spanning 280 

from May or early-June until mid-October each year. 281 

 282 

3.1.1 Precipitation 283 

We measured 749 mm, 825 mm, and 738 mm of precipitation at the URW rain gage in WY2019, WY2020, and WY2021, 284 

respectively. Although the water year begins on September 1, 15-day cumulative precipitation did not rise above 10 mm until early- to 285 

mid-October in the three observed transitions from dry to wet season (Table 1).  Wet season precipitation generally peaked in both 286 
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frequency and intensity between December and April, however we also measured several stretches of lighter precipitation during each 287 

wet season. The average length of the three complete dry seasons (2019, 2020, and 2021) was 151 days, and the average dry season 288 

precipitation was 18.6 mm (Table 1). 289 

 290 

Table 1: Each of the three dry season dates, number of days, and cumulative precipitation received in the URW over the monitoring period of WY2019-WY2021. The dry season is 291 

defined as the period when 15-day cumulative precipitation remained under 10 mm.  292 

Dry Season Dates 

Number of 

days 

Cumulative 

precipitation 

(mm) 

Cumulative 

runoff at Site 

3 (mm) 

1 May 8th – Oct 4th, 2019 150 20.6 69.6 

2 May 19th – Oct 18th, 2020 153 24.7 93.0 

3 Jun 8th – Oct 1st, 2021 115 10.6 57.0  

 293 

3.1.2 Subsurface moisture dynamics in the uplands 294 

Soil and saprolite water storage increased with the first substantial precipitation events of the wet season, rose to a relatively 295 

stable wet season state, and declined steadily through the dry season. We identified field capacity in soil and saprolite to equal 310 and 296 

214 mm of moisture, respectively. A similar amount of precipitation fell before field capacity was reached in each of the soil and the 297 

saprolite each year: 128 mm and 208 mm in WY 2020, 224 mm and 268 mm in WY 2021, and 152 and 192 mm in WY 22 for an 298 
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average of 168 ± 50 and 223 ± 40 mm of precipitation to reach field capacity in the soil and saprolite, respectively. Successive storms 299 

caused peaks of increased water storage in the soil and saprolite which rapidly declined as water drained to recharge deeper layers in 300 

the unsaturated zone and groundwater. As precipitation tapered off at the end of the wet season, subsurface water storage declined 301 

below field capacity due to uptake by J. Ichu. The rate of recession was steeper in soil than in saprolite, however, rates declined in 302 

both media late in the dry season. By the end of the dry season, prior to the onset of precipitation, soil and saprolite water storage 303 

reached minimum values of 262 mm and 186 mm (Dry Season 1), 210 mm and 163 mm (Dry Season 2), and 222 and 174 (Dry Season 304 

3), respectively. The lower water storage values in Dry Season 2 may have been the result of vigorous growth in recovering upland 305 

grasses following a mild grass fire that swept through much of the URW in July 2019, and likely led to the greater quantity of 306 

precipitation needed to reach soil and saprolite field capacities during the WY 2021 wet-up. Total plant available water for J. ichu is 307 

estimated as 151 mm: the difference between moisture at field capacity and minimum in the soil was 100 mm (310 - 210) and was 41 308 

mm (214 - 163) in the saprolite.  309 

 310 

3.1.3 Bofedal groundwater dynamics 311 

We measured remarkably similar annual cycles of recharge, sustained wet season saturation, and groundwater recession in 312 

Well 102 (Bofedal A). The groundwater in Bofedal A responded immediately to the start of the wet season with a modest rise. 313 

Successive rain caused rapid rises in the groundwater table and complete saturation that roughly coincided with the timing of field 314 

capacity in the soil and saprolite in the hillslope. Bofedal A saturated on November 29th, 2019, after 173.8 mm of cumulative 315 
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precipitation in WY 2020, on December 1st, 2020 after 181.5 mm of cumulative precipitation in WY2021 and on December 12th, 2021 316 

after 192 mm of cumulative precipitation in WY 2022 (measured at the Casa Zurite rain gage at 3,411 m in WY 2022). The 317 

groundwater table remained at the surface through the wet seasons and well into the dry season. Bofedal A did not begin to desaturate 318 

until 55, 43, and 25 days into dry seasons 1, 2, and 3, respectively. Once Bofedal A desaturated, the water table decline was 319 

remarkably linear with rates of decline of 15.2, 13.4 and 13.3 mm/day in dry seasons 1, 2, and 3, respectively. The water table in 320 

Bofedal A reached a maximum depth of 1.77, 1.94, and 1.42 m below the ground surface in dry seasons 1, 2, and 3, respectively. In 321 

each complete dry season, the groundwater table fell over 1 m below the peat – clay transition, which was 0.6 m below the ground 322 

surface.  323 

 324 

3.1.4 Runoff in the URW 325 

In all water years, runoff at Site 3 did not rise substantially above baseflow conditions until after soil and saprolite water 326 

storage reached field capacity and Bofedal A saturated (Figure 3). In each water year, a similar amount of cumulative precipitation fell 327 

before runoff increased from baseflow to wet season conditions, which we define as greater than 1 mm/d, or 9.26 l/s at Site 3. In WYs 328 

2019, 2020, 2021, and 2022; 292, 177, 206, and 156.4 mm of precipitation (WY 22 measured at the Casa Zurite gage at 3,411 m) fell 329 

before runoff exceeded 1 mm/d, respectively. 330 

Throughout the wet season, runoff at Site 3 responded quickly to precipitation inputs (Figure 3). Peak flows reached 8.9 mm/d 331 

(83 l/s) in WY2019 and 10.7 mm/d (99 l/s) in WY 2020. In WY 2021, peak flows never exceeded 5 mm/d (47 l/s). The low peak 332 
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flows in WY2021 were derived from the stage data itself, as both water years utilized the same rating curve. Accessibility constraints 333 

during the COVID-19 lockdowns resulted in less frequent measurements and limited our ability to fully resolve peak flow. Despite 334 

these limitations, medium and low flows in WY2021 plotted consistently on the rating curve (Supplementary Material S2.3).  335 

Runoff declined steadily as the system entered the dry season. Across the three dry seasons, the rate and shape of runoff 336 

recessions was similar with baseflows of 0.13 mm/d (1.3 l/s), 0.25 mm/d (2.3 l/s), and 0.26 mm/d (2.5 l/s) in dry seasons 1, 2, and 3, 337 

respectively.  338 

 339 

3.1.5 Annual Water Balances 340 

We calculated similar annual water balances in WYs 2020 and 2021 (Table 2). Here, we report precipitation values adjusted 341 

for orographic effects by using the mean elevation value of the Site 3 subbasin (4,476 m.a.s.l.) (Supplementary Material 2.1). We 342 

report precipitation and runoff for WY2019, but do not calculate the water balance because subsurface moisture equipment was 343 

installed mid water year (January 2019). In WY 2019-2021, we estimated 797, 867, and 751 mm of annual precipitation. All annual 344 

precipitation values are within one standard deviation of the average gridded precipitation in Zurite (848 ± 156 mm) from 1981 - 2017 345 

(Aybar et al., 2020).  346 

Annual runoff followed precipitation trends, with 453 mm in WY 2019, 643 mm in WY 2020, and 439 mm in WY 2021. 347 

Runoff accounted for 57%, 74%, and 58% of precipitation in WYs 2019, 2020, and 2021, respectively. Differences in annual runoff 348 
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across the three water years occurred primarily in the wet season. Dry season runoff, calculated from the beginning to the end of the 349 

dry season, was 69.6, 93.0 and 57.0 mm in dry seasons 1, 2, and 3, respectively (Table 1).   350 

In WYs 2020 and 2021, the two years for which ET estimates could be made for an entire water year, ET accounted for 30% - 351 

40% of the annual water balance. During WY2020, 80% of ET was estimated to be from uplands and 20% from bofedales. During 352 

WY2021, 78% of ET was estimated to be from uplands and 22% from bofedales.  353 

The difference between annual inputs and outputs (ΔS in Table 2) combines interannual watershed storage, potential drainage 354 

below Site 3 (which we did not directly measure), and measurement error. In WY2020, ΔS was -63 mm, as outputs exceeded 355 

precipitation. In WY2021, ΔS was 27 mm, as precipitation exceeded outputs by 27 mm. Each estimate of ΔS falls within the combined 356 

errors of annual runoff and ET (Table 2).  357 

 358 

Table 2: 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 359 
WY 2019. Precipitation values used in each water balance represent the measured precipitation value at the URW rain gage adjusted for orographic effects on precipitation (See 360 
Supplementary Material S2 for methodology). 361 
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Site 

 Precipitation Runoff 

Estimated ET ΔS 
Metric Wet season  Dry season  Wet season 

Dry season (through 

WY only) 

A) Site 3 

WY2019 

Total (mm) 

775 17 393 59 

122 ± 14 NA 

792  ± 8 452 ± 54 

Percentage 100% 57% ± 12% 15% ± 11% NA 

B) Site 3 

WY2020 

Total (mm) 

847 20 560 84 

287 ± 22 -63 

867  ± 4 643 ± 84 

Percentage 100% 74% ± 13% 33% ± 8% -7 

C) Site 3 

WY2021 

Total (mm) 

718 19 390 49 

285 ± 23 27 

751 ± 1 439 ± 57 

Percentage 100% 58% ± 13% 32% ± 8% 4 

362 
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3.1.6 Temporal Phases of the Annual Water Balance 363 

Figure 4 presents the cumulative fluxes of precipitation, ET, and runoff at Site 3 for WY 364 

2020 and 2021 (data found in Supplementary Material S4). The seasonality of precipitation and 365 

hydrological response in the watershed divide the water year into three distinct phases: ‘fill-up’, 366 

‘steady-state’ and ‘release’. 367 

The fill-up phase began with the start of the WY, on September 1st, and continued until 368 

Well 102 (in Bofedal A) saturated. During the fill-up phase, precipitation exceeded the combined 369 

fluxes of runoff and ET by 4-5-fold as precipitation recharged depleted soil and saprolite 370 

moisture reservoirs and deeper (unmeasured) zones of unsaturated rock moisture and the water 371 

table. During the fill-up phase, groundwater in Well 102 began to rise, but cumulative runoff 372 

showed only modest increases. 373 

The steady-state phase began with the saturation of Bofedal A. This coincided with a rise 374 

to field capacity in the shallow subsurface of the hillslope. Once Bofedal A saturated, the 375 

watershed entered a quasi steady-state in which successive precipitation caused rapid and larger 376 

stream runoff. During the steady-state phase, cumulative ET increased steadily due to increasing 377 

temperatures during the austral summer. Precipitation inputs roughly equaled the combined 378 

outputs of runoff and ET, with runoff accounting for 62 - 78%, and ET accounting for 17 - 26% 379 

of precipitation, respectively.  380 

The release phase began when 15-day antecedent precipitation fell below 10 mm. This 381 

occurred on May 19th, 2020 in WY2020 and on June 8th, 2021 in WY2021. With a near absence 382 

of precipitation, the slope of cumulative runoff declined, but importantly continued to increase 383 

due to sustained streamflow through the dry season. Bofedal A did not desaturate until 43 and 25 384 

days into the dry season. Baseflow throughout the release phase was sustained above 0.25 385 



 

26 

mm/day until the next water year’s fill-up phase began. ET accounted for the greatest total 386 

moisture loss over the release period as upland grasses and hydrophytic vegetation sustained 387 

steady rates of transpiration, leading to depletion in shallow subsurface moisture storage that was 388 

recharged during the fill-up phase of the following water year.  389 

 390 

3.1.7 Spatiotemporal patterns of runoff in the URW 391 

Distributed streamflow measurements taken on 14 dates between June 2019 and August 392 

2021 show a general positive correspondence across all seasons between the percent of each 393 

subbasin classified as bofedal and runoff (Figure 5). Data points are colored to show the 394 

corresponding flow percentile at Site 3, which corresponds to general flow conditions across all 395 

measurement points. The start of the dry season corresponded with the 58.4th flow percentile in 396 

WY2019, the 60.6th percentile in WY2020, and the 55.4th percentile in WY2021. The 397 

relationship between the percent of each subbasin covered in bofedal and runoff strengthened 398 

during the wet season.  399 

Three stations show consistently higher runoff, falling along a trendline offset from other 400 

subbasins: the Western Basin, and Sites 1 and 2. We consider potential explanations for these 401 

discrepancies in the discussion.    402 

 403 

 404 

3.2 Seasonally dynamic water storage in bofedales and their contributions to runoff 405 

3.2.1 Bofedal Material Properties & Cross Section(s) 406 

Bofedales are found in local topographic depressions and along watercourses, with 407 

greater extent in the large glacially carved basins of the upper URW (Figure 1). Borehole 408 
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transects in Bofedales A, B, C, and D showed similar stratigraphy: a) hydrophytic vegetation b) 409 

highly porous dark peat c) highly plastic glaciofluvial clays and silts, and d) weathered clayey 410 

silty saprolite (Figure 6). The maximum depth of peat was 60 cm, 175 cm, 100 cm, and 50 cm in 411 

Bofedales A, B, C and D, respectively. In all bofedales, the depth of peat was the greatest near 412 

the centroid and tapered towards the surrounding hillslopes. A layer of highly plastic 413 

glaciofluvial clays and silts underlying the peat was 0- to 120 cm thick, with the clayey mineral 414 

layer extending several meters below the ground surface. In some boreholes, the distinction 415 

between fine clays and silts and clayey saprolite was marginal. In such instances, no glaciofluvial 416 

strata of fine clays and silts was reported.  The cross-section of Bofedal B is shown in Figure 7, 417 

and all cross-sections are in the Supplementary Material S3. Hydrophytic plant roots generally 418 

extended beyond the depth of peat into underlying glaciofluvial sediments or mineral layers. The 419 

upslope contributing area to Bofedales A through D ranged from 4- to 12 times the area of each 420 

bofedal (Table 5, Supplementary Material, S3).  421 

 422 

3.2.2 Bofedal Water Storage 423 

We measured groundwater dynamics continuously in only Bofedal A (Well 102). 424 

However, in all bofedales we observed shallower water tables near the centroid and a deeper 425 

water table towards the hillslope in all seasons.  426 

In June 2019, the mean depth to water table in bofedal A was 20 cm, and was 36 cm in 427 

Bofedal B. In January 2020, the average depth to the water table in bofedales A, B, C, and D was 428 

14 cm, 11.6 cm, 9.5 cm, and 12.2 cm, respectively, with standing water across large portions of 429 

each bofedal. Material observations of bofedal strata and groundwater levels in Well 102 430 
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highlight the drainage of bofedal groundwater beyond the depth of peat and into glaciofluvial 431 

deposits and/or saprolite. 432 

Downhole NMR data from 13 boreholes in bofedales A and B showed a decrease in total 433 

porosity, estimated field capacity, and hydraulic conductivity through the peat, clay, and 434 

underlying mineral layers. Table 3 presents mean porosity values for each layer. The porosity of 435 

each layer was strikingly consistent between the two bofedales as indicated by reported values 436 

and the small standard deviations. Mean porosity across all boreholes showed an extremely high 437 

porosity peat (0.88) underlain by lower porosity clay (0.51) and mineral layers (0.39). Field 438 

capacity estimates decrease with depth through the peat, clay and the underlying mineral layer. 439 

Drainable volumetric water content is largest in the peat (0.42) and decreases in the clay (0.21) 440 

and saprolite (0.19). Estimates of saturated hydraulic conductivity also decreased with depth 441 

from 14.3 m/d in the peat to 2.6 m/d in the clay, and 0.5 m/d in the saprolite.  442 

 443 

Table 3: Calculated porosities and standard deviations for peat, clay, and the underlying mineral layer from saturated downhole 444 

NMR measurements during June 2019 surveys. Field capacity estimates were made from unsaturated NMR water content 445 

measurements in each layer at the margins of bofedales A and B in June 2019. Reported average porosity values per material 446 

layer were derived across the entire data set and thus may deviate from the average value of the reported porosities in bofedales 447 

A and B due to more measurements logged in bofedal B. 448 

 449 

Subsurface stratum 

Peat (10 cm - 175 cm 

thickness) 

Clay (0 cm - 120 cm 

thickness) 

Underlying mineral 

layer (meters 

thickness) 

Bofedal A porosity 0.92 ± 0.12 0.46 ± 0.13 0.38 ± 0.046 

Bofedal B porosity 0.86 ± 0.12 0.52 ± 0.13 0.39 ± 0.046 
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Mean NMR data set 

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 VWC: 

Porosity – Field 

Capacity 

0.42 0.21 0.19 

Mean saturated 

hydraulic conductivity 

(m/d) 

14.3 ± 13.1 2.6 ± 6.2 0.5 ± 0.8 

 450 

3.2.3 Seasonally dynamic water storage and runoff in the URW 451 

Average dynamic storage within each of the four bofedales varied from 360 to 540 mm 452 

(Table 4). The broad range is a function of both the bofedal thickness – primarily the thickness of 453 

the peat, and to a lesser extent, the clay – and the total area of the bofedal. Larger bofedales had 454 

thicker peat deposits and thus greater average dynamic storage. Bofedal B, the largest bofedal in 455 

the URW, had the deepest mineral layer (measured to 3.2 m below the ground surface) and peat 456 

thickness of up to 175 cm in the center. Smaller bofedales such as A, C, and D, had thinner 457 

layers of peat (50 – 100 cm) above clay layers.  458 

Across the URW, the 244,000 m2 of bofedales dynamically store 105,000 ± 10,000 m3 of 459 

water. This corresponds to 49 ± 5 mm of runoff at the scale of the 2.12 km2 URW. Groundwater 460 

did not begin to decline in Well 102 until the release phase, which started 54, 44, and 24 days 461 

into dry seasons 1, 2, and 3, respectively. The dynamically stored water is thus not released from 462 

Bofedal A until well into the dry season. Conservatively, we can compare bofedal dynamic 463 

storage to total dry season runoff, which averaged 73.2 ± 18.2 mm at Site 3 and 114.9 ± 21.4 464 
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mm at Site 1. Water contributions from bofedales thus account for 67 ± 31% of dry season 465 

streamflow at Site 3, and 43 ± 22 % of dry season streamflow at Site 1. 466 

 467 

Table 4: Size, upslope contributing area, and average dynamic storage in the four measured bofedales of the URW. 468 

Final row shows estimates of dynamic storage expressed as runoff, at the scale of the URW.  469 

 470 

Site Area (m2) 

Contributing area 

(m2) 

Drainable dynamic 

storage (mm) 

Bofedal A 1,855 22,394 390±30 

Bofedal B 84,932 428,391 540±60 

Bofedal C 6,775 36,031 430±40 

Bofedal D 27,373 112,923 360±30 

Total in URW 244,000  49 ± 5 

 471 

 472 

4.0 Discussion 473 

 474 

Large and small Andean communities depend on water resources emanating from the 475 

humid puna; however, hydrologic data relating the physical structure of the humid puna, 476 

including bofedales, to water resources are limited. Here, we discuss our key findings in the 477 

context of our motivating questions by first comparing seasonal patterns in water yield from the 478 

URW with the few existing studies of water resources in high elevation and seasonally dry 479 

Andean landscapes. We highlight our discovery of higher unit runoff from subbasins with greater 480 

bofedal coverage and compare seasonally dynamic storage in bofedales with dry season runoff 481 
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and downstream water needs. We briefly discuss the limitations of our analyses and then present 482 

a conceptual model highlighting the hydrological function of bofedales in regulating water 483 

resources and sustaining perennial streamflow in the humid puna.  484 

 485 

4.1 Water Resources in the Humid Puna 486 

Continuous runoff data spanning three complete water years show distinct wet-dry season 487 

dynamics. Runoff in the URW is controlled by precipitation inputs, reflecting the precipitation 488 

driven hydrograph of the 11,048 km2 VUB (Drenkhan et al., 2015; Buytaert et al., 2017; Oshun 489 

et al., 2021). Runoff in the URW comprised 57%, 74%, and 58% of annual water balance inputs 490 

from WY2019 to WY2021, similar to runoff ratios reported in undisturbed Andean grasslands in 491 

the humid puna and the wetter páramos in the northern Andes (Ochoa-Tocachi et al., 2016; 492 

Mosquera et al., 2015). We compare the Flow Duration Curve (FDC) from the URW with FDCs 493 

of two undisturbed catchments in the humid puna (HUA1 and TIQ2, from Ochoa-Tocachi et al. 494 

2016) and three undisturbed catchments in the wetter páramo of the Ecuadorian Andes (PAU1 495 

from Ochoa-Tocachi et al., 2016 and ZEO M4 and M5 from Mosquera et al., 2015). All 496 

catchments are between 0.65 and 4.22 km2, at elevations between 3700 and nearly 4800 m.a.s.l., 497 

have average slopes ranging from 9 to 21 %, and contain bofedales covering 3 to 18 % of the 498 

catchment area (Supplementary Material S5). Annual precipitation varies from a minimum of 499 

803 mm in the URW to a maximum of 1358 mm at PAU1.  500 

TIQ 1, in Bolivia, receives similar annual rainfall (835 mm) to the URW, yet yields only 501 

0.29 of this rainfall as runoff. Although peak flows slightly exceed the URW, runoff at flow 502 

percentiles greater than approximately 5 are consistently smaller than the URW. The low runoff 503 

ratio and consistently lower runoff values may be attributable to few bofedales or interannual 504 
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storage in cirque lakes and/or high rates of evaporation. HUA1, in the Cordillera Blanca, is one 505 

of the wettest catchments (1346 mm annual precipitation), yet the FDC is very steep, resulting in 506 

little baseflow. The ‘flashiness’ of HUA1 is likely the result of a pronounced dry season (similar 507 

to the URW), but also may be attributable to limited catchment wide storage due to very small 508 

bofedal coverage (estimated at 3-4% of the catchment) and steep headwalls of exposed bedrock. 509 

Runoff in the three páramo catchments is consistently higher than in the URW. Peak 510 

runoff is 22-78 mm/d in the páramo, while peak runoff in the URW reaches only 10.7 mm/d. In 511 

the páramo, large annual rainfall and no distinct dry season (Balslev and Luteyn 1992; Luteyn 512 

1999) result in smaller seasonal dynamics in catchment water storage (e.g., Buytaert et al., 2007), 513 

higher peak flows, and a relatively flat FDC. However, above a flow percentile of 10%, the 514 

general shape of the FDCs of the páramo catchments is similar to the FDC of the URW. The 515 

relatively high sustained runoff and the ‘flatness’ of the FDC in the URW is remarkable because, 516 

unlike the páramo, the humid puna landscape receives little to no rain for approximately 5 517 

months. The hydrograph in the URW shows a gradual recession, with dry season runoff 518 

accounting for 13 - 16% of annual water yield. The flatness of the FDC suggests dry season 519 

runoff is sustained by seasonally dynamic water storage at the scale of the URW (e.g., Searcy, 520 

1959; Buytaert et al., 2007; Yadav et al., 2007; Ochoa-Tocachi et al., 2016). Dry season runoff 521 

from the puna is extremely important for downstream population centers, such as Zurite and 522 

Cusco (Drenkhan et al., 2015, Ochoa-Tocachi et al., 2016; Wunderlich, 2021; Oshun et al., 2021; 523 

SEDACUSO, 2021), and will only be more critical as the puna biome expands (Tovar et al., 524 

2013).  525 

 526 
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4.2 Bofedales and Water Yield in the URW 527 

We found higher runoff in subbasins with greater bofedal extent. A similar study 528 

exploring connections between landscape characteristics and runoff also found a positive 529 

correlation between peak runoff and wetland coverage in the páramo of Ecuador (Mosquera et 530 

al., 2015). Others have related large proportions of wetland cover to limited catchment-wide 531 

storage capacity, shedding of excess water (e.g., Rodhe, 1987), and high peak flows (Pearce, 532 

1990; Burt, 1995; Quinton et al., 2003; Bullock and Acreman, 2003) dominated by ‘event-water’ 533 

(e.g., Laudon et al., 2007). However, the spatiotemporal patterns in runoff in the URW differ 534 

from these studies in two primary ways. First, we found no relationships between bofedal 535 

coverage or mean runoff and the size of the subbasin. Second, we found that in addition to larger 536 

peak runoff, baseflow was also consistently larger in subbasins with greater bofedal coverage. 537 

This final observation is consistent with measurements of greater baseflow in boreal catchments 538 

with thicker sedimentary deposits and wetlands (e.g., Karlsen et al., 2016; Floriancic et al., 539 

2019).  540 

Runoff was anomalously high at three sites in the lower part or the URW: Site 1, Site 2, 541 

and the Western subbasin. Mean slope throughout these three subbasins was between 23 - 25°, 542 

slightly higher than in other subbasins. Between Site 3 and Site 2, the morphology of the valley 543 

changes from a broad, U-shaped valley to a narrow, V-shaped valley with a steep, bedrock-544 

confined channel. Changes in morphology from glaciated valleys to deeply incised stream 545 

morphology result in higher sustained runoff (Prancevic and Kirchner, 2019; Gillespie & Clark, 546 

2011; Whiting & Godsey, 2016). Large runoff in the Western subbasin is likely associated with 547 

mapped limestone karst in the headwaters, which is known to store and release large volumes of 548 

water (e.g., Villacorta et al., 2016; Somers and McKenzie, 2020). Although our study did not 549 
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focus on characterizing limestone karst in the Western basin, electrical conductivity was 550 

consistently 50 to 80% greater at the West site than elsewhere in the URW, consistent with 551 

higher rates of chemical dissolution from the more soluble limestone. Site 1 integrated large 552 

runoff values from Site 2 and the Western subbasin and maintained baseflow above 0.39 mm/d 553 

(9.5 l/s). We interpret these high runoff values in the lower URW to be driven by morphologic 554 

and lithologic controls in addition to dynamic storage in bofedales. 555 

 556 

4.3 Dynamic storage in bofedales, quantifying contributions to streamflow 557 

 Bofedales A-D integrate upslope contributing areas 4 - 12 times their size (Table 5). 558 

Groundwater in Well 102 showed a rapid response leading to saturation of Bofedal A coinciding 559 

with the timing of field capacity in the hillslope (Figure 3). These two observations suggest that 560 

bofedales fill in response to rapid delivery of groundwater from large upslope contributing areas, 561 

consistent with recent studies in southern Perú and Chile (Cooper et al., 2019; Valois et al., 2020; 562 

Valois et al, 2021).  563 

NMR measurements show the drainable porosity of peat to be 0.42, or about 47% of total 564 

porosity. This value is consistent with estimates of peat water yield ranging from 10 - 80%, 565 

depending on the degree of organic decomposition (Radforth and Brawner, 1977; Letts et al., 566 

2000). By combining our drainable porosity estimates in peat, clay and saprolite with water table 567 

dynamics in Bofedal A, we estimate bofedales A- D seasonally store an average of 360 - 540 mm 568 

of water.  569 

We are aware of only two studies quantifying water storage capacity in bofedales, which 570 

were both conducted in streamside bofedales in a narrow canyon of the Estero Derecho 571 

watershed in Chile. The bofedales are approximately 2 hectares in area (smaller than Bofedal D) 572 
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and composed of an approximately 0.3 m layer of peat and underlying fluvial deposits and 573 

colluvium to an estimated depth of 10m (Valois et al., 2020; Valois et al., 2021). Here, the 574 

authors calculated total porosity to a depth of 10 m to estimate a total water storage of between 575 

1,000 and 3,400 mm. Without measurements of drainable porosity and water table dynamics, it is 576 

difficult to estimate how much water these bofedales would contribute to streamflow; however, 577 

if we assume the water table drops 2 m below the surface and apply our estimate of drainable 578 

rather than total porosity to 0.3 m of peat (0.42), and 1.7 m of underlying deposits (0.21), we 579 

estimate dynamic storage to be 483 mm. This estimate is consistent with bofedales A-D and 580 

highlights the large contributions of bofedales to dry season streamflow, as well as the 581 

importance of quantifying hydraulic properties of the different material layers of bofedales and 582 

monitoring water table dynamics.  583 

The 244,000 m2 of bofedales in the URW dynamically store 105,000 ± 10,000 m3 of 584 

water. Importantly, this dynamically stored water accounts for up to 98% of dry season runoff, 585 

sustaining surface flow when irrigation demands in Zurite are the greatest. From the time the 586 

bofedales begin to drain (early July) to the start of the wet season (early to mid-October), 587 

irrigation demand in Zurite is approximately 730 mm (Wunderlich, 2021, Oshun et al., 2021). 588 

Chacras, or family-owned agricultural plots are typically 0.25 to 1 hectare (Oshun et al., 2021). 589 

Water draining from bofedales in the URW thus meets the dry season irrigation demand of 13.0 590 

– 15.7 hectares, equivalent to between 13 and 63 familial plots.   591 

 592 

4.4 Limitations and potential error in bofedal dynamic storage estimates  593 

We were unable to explicitly account for two possible errors in our estimates of 594 

seasonally dynamic water storage in bofedales. First, despite our sampling of material properties 595 
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across four bofedales, we could not capture all spatial heterogeneity, hydraulic parameters, and 596 

water table fluctuations in the entire URW. Whereas our measurements of porosity were well 597 

constrained, we did not fully characterize relationships between bofedal size, location, and the 598 

thickness of peat, clay and underlying layers. The second potential source of error derived from 599 

our application of groundwater dynamics in Bofedal A to bofedales B-D. Extreme topography 600 

prevented us from transporting a drill rig to bofedales B-D, and we were thus unable to install a 601 

monitoring well. We note that saturation of Well 102 coincided with the timing of field capacity 602 

in the rooting zone of hillslope grasses, immediately preceded sustained high runoff values 603 

throughout the URW, and that Well 102 did not begin to drain until well into the dry season. 604 

Therefore, although we did not monitor groundwater in all bofedales, the temporal 605 

correspondence between hydrologic events throughout the watershed and our field observations 606 

of mid wet season saturation in Bofedales A-D, support our interpretation that bofedales across 607 

the URW have similar temporal patterns to Bofedal A. 608 

 609 

4.5 Conceptual Model of Bofedal Hydrology 610 

Bofedales form an important hydrologic interface between groundwater draining humid 611 

puna uplands and streamflow. We interpret bofedales as ‘waystations’ that collect groundwater 612 

contributions and regulate the release of this water to streams (Figure 8). Although our study is 613 

the first to quantify the hydrology of bofedales in the context of water resources in the humid 614 

puna, previous studies have shown water flowing through wetlands to have longer mean transit 615 

times (e.g., Lyon et al., 2010; Lane et al., 2019) and argued the presence of wetlands increases 616 

catchment wide water storage (Lane et al., 2019). We find bofedales increase catchment wide 617 

water storage and sustain baseflow through three key characteristics. First, the topographic 618 
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location of bofedales, a product of the glacially carved landscape and terrestrialized basin, results 619 

in groundwater contributions from hillslopes 4 -12 times their size. Secondly, thick layers of high 620 

porosity (and high water yield) peat form a tremendously large reservoir in which to seasonally 621 

store water. Thirdly, the combined effects of a low gradient water table and low conductivity 622 

underlying layers of clay and saprolite, result in the slow release of water from bofedales to 623 

streams.  624 

In Figure 8, we detail the hydrologic role of bofedales in the context of the observed 625 

temporal dynamics (three-phases) in streamflow. The onset of precipitation at the beginning of 626 

the water year marks the start of the Fill-up phase. Subsurface soil and saprolite moisture on the 627 

hillslope have been depleted well below field capacity due to grassland ET, and the groundwater 628 

table in bofedales is 1-2 m below the ground surface. Precipitation first recharges the rooting 629 

zone of grasses on the hillslope. A small response is seen in bofedal groundwater, most likely 630 

due to direct precipitation. In our three years of monitoring, field capacity in the soil and 631 

saprolite was reached after an average of 168 and 223 mm of cumulative precipitation, 632 

respectively. As field capacity is reached, groundwater in Bofedal A rises rapidly and Bofedal A 633 

saturates. Saturation of Bofedal A occurred after an average of 187 mm of cumulative 634 

precipitation. Once bofedales saturate, the system enters the Steady-State phase. At this point, 635 

the URW reaches its storage capacity, and runoff rapidly increases as the catchment sheds 636 

successive precipitation. We note that significant water is likely fluxing through or across 637 

bofedales as saturation overland flow during the Steady-State phase, but their saturated state 638 

prevents additional water storage. During this phase, the sum of cumulative runoff and ET is 639 

approximately equal to cumulative precipitation. Once cumulative 15 day-precipitation falls 640 

below 10 mm, the system enters the Release phase. With little to no precipitation, moisture 641 
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within the rooting zone falls below field capacity due to evapotranspiration. Groundwater within 642 

hillslopes continues to drain through bofedales to streams and bofedales remain saturated for an 643 

average of 41 days into the dry season. Through the remainder of the dry season, the water table 644 

in bofedales declines linearly at an average rate of 14 mm/day as bofedales yield their 645 

dynamically stored water to sustain streamflow. Additional moisture depletion in the peat below 646 

field capacity occurs due to evaporation and transpiration of hydrophytic plants.  647 

 648 

5.0 Conclusion 649 

The URW, a 2.12 km2 humid puna catchment draining to the agrarian village of Zurite, 650 

yields 57 - 74 % of the 803 mm of average annual rainfall to runoff. Despite a dry season lasting 651 

up to 5 months, the FDC of the URW is relatively flat due to large seasonally dynamic water 652 

storage at the catchment scale. Spatiotemporal discharge measurements throughout the URW 653 

identified greater runoff emanating from subbasins with greater bofedal coverage across all 654 

seasons. Three key characteristics of bofedales make bofedales vital shallow water aquifers with 655 

large seasonally dynamic water storage. First, bofedales are found in topographic depressions 656 

that collect water from upslope areas 4-12 times their size. Second, high porosity peat up to 1.5 657 

m thick seasonally stores tremendous volumes of water. Third, a low water table gradient in 658 

gently sloping bofedales and the low conductivity of underlying layers of clay and glaciofluvial 659 

deposits/weathered bedrock result in the slow drainage of stored water. We estimate 105,000 ± 660 

10,000 m3 of water is dynamically stored in bofedales, equivalent to 49 ± 5 mm of runoff at the 661 

scale of the URW. Bofedales, which drain in the dry season, account for 20 -98% of dry season 662 

flow in the URW, sufficient to meet the irrigation demands of 13 - 15 hectares. We conclude that 663 
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bofedales regulate flow to sustain perennial streams in the humid puna and are thus vital 664 

infrastructures to local and regional water security.  665 

 666 

 667 

 668 

  669 
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Figure 1: The URW (mean elevation: 4,332 m) is a 2.12 km2 headwater humid puna catchment 
above the agrarian district of Zurite. The URW is within the Vilcanota Urubamba Basin in the 
department of Cusco (blue and red outlines, respectively in locator map). 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 that forms a confluence just 
upstream from a concrete diversion weir at base of the URW. Locations of hydrologic 
monitoring instruments used to measure precipitation, subsurface moisture and groundwater 
dynamics, and stream discharge are shown, along with the subbasin boundaries draining to Site 3 
(0.806 km2). Locations of spatially distributed discharge measurements are shown with numbers 
in the Central Basin and letters in the Eastern Basin.  



 Figures and Captions 2 

Figure 2: View overlooking the largest bofedal in the URW, Bofedal B. Direction of view is to 
the Northeast. The location of the Bofedal B survey transect is drawn in for reference. 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. 
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 Figures and Captions 3 

 
Figure 3: Time series plots of hydrological data over the monitoring period (September 2018 – 
March 2022). Upper panel shows daily precipitation at the URW rain gage. Second panel shows 
seasonal dynamics in moisture storage in soil and in saprolite. Dashed line indicates estimated 
field capacity in the soil and in the saprolite. Third panel shows groundwater dynamic at Well 
102, which is in the center of Bofedal A. Bottom panel shows runoff in mm/day at Sites 1 and 3. 
The yellow highlighted periods denote the dry season, defined as the period when 15-day 
cumulative precipitation remained under 10 mm. 
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 Figures and Captions 4 

 
 
Figure 4: Cumulative fluxes of water through the URW for WYs 2020 and 2021. The seasonality 
of precipitation and resulting patterns in runoff and ET define three phases: fill-up, steady state, 
and release. The fill-up phase is defined by recharge of the unsaturated zone, and responses in 
Bofedal A. In the steady state phase, precipitation and the combined fluxes of runoff and ET are 
approximately equal. In the release phase, little to know precipitation falls, as water drains 
hillslopes, and importantly, bofedales. In the release phase, cumulative runoff tapers due to the 
dry season recession in streamflow. 
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 Figures and Captions 5 

Figure 5: Scatterplot of the percent of each subbasin classified as bofedal (x-axis, linear) plotted 
against runoff (y-axis, log scale) for subbasins in the URW. The color-bar represents flow 
percentile at Site 3 over the course of water years 2019-2021. We measured discharge from the 
Western subbasin but treated it separately due to the abundance of karst weathered limestone in 
the upper Western subbasin not present in either the Central or Eastern subbasins. Best fit 
relationships show a linear trend for the wettest conditions (q = 0.2135*(% bofedal) – 0.0338, r2 = 
0.62), and a power law fit for the driest conditions (q = 0.0076*(% bofedal)1.29, r2 = 0.40). 
 

 
Figure 6: Bofedal stratigraphy showing hydrophytic vegetation, peat, and glaciofluvial clays. Not 
shown is the underlying layer of weathered bedrock. Photo taken in Bofedal B with a rock 
hammer for scale. At the time of this picture (mid dry season), water was flowing out along the 
boundary between the peak and glaciofluvial clay.  
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 Figures and Captions 6 

Figure 7: East-west cross-section of Bofedal B. Boreholes were augered in June 2019 and 
January 2020. The y-axis is vertically exaggerated 5 times. Profiles are generated via a 
combination of borehole logs and downhole nuclear magnetic resonance (NMR) calculations of 
water content. We extracted the ground surface elevation of points along the transect from a 1-
meter DEM that we produced from a photogrammetry drone survey, and extracted layer depth 
and porosity values using an inverse distance weighted (IDW) spatial interpolation approach in 
ArcMap 10.6 Desktop. Dynamic water storage was estimated for the cross-sectional area below 
the depth of the January 2020 water table to a depth of 1.94 m below the ground surface, the 
greatest bofedal depth to water table observed in the URW. 

 
 
Figure 8. Conceptual model showing the hydrologic regulation of bofedales. A large contributing 
upland area (4 - 12 times the size of the bofedal) drains to bofedal. Groundwater contributions 
(shown with dashed blue lines) fill layers of clay and high porosity peat during the fill-up phase. 
Runoff in streams is small. Once the bofedal saturates, catchment wide storage capacity is filled, 
and successive storms generate rapid and large runoff responses. In the release phase, bofedales 
drain slowly, releasing water that sustains baseflow.   
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