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Abstract

In the context of expected future melt reductions in the high-Andes, the buffering

capacity of non-glacial stores, and especially of high-altitude bofedal wetlands, is of

increasing importance. Isotope signatures potentially indicative of water undergoing

evaporation on transit through bofedales have been found in the tropics, but end-

member uncertainty has so far prevented streamflow separation using this signal. We

undertook a stable isotope sampling campaign over the 2022 wet-dry season transi-

tion in a 53.6 km2, 16% glacierized catchment in southern Peru with a bofedal cover-

age of 11%. Diurnal proglacial hydrographs and remote sensing were used to

interpret seasonal snowmelt dynamics and identify the dry periods when glacial melt

and bofedal contributions are assessed to be the two principal components of

streamflow. Following the final wet season precipitation event, a rapid �3 week tran-

sition occurs in the main river from a stable isotope signature consistent with

dynamic rainfall/snowmelt contributions to one of ice-melt. In both wet and dry sea-

sons, the main river and tributary streams show evaporative enrichment suggesting

ongoing supply from water transiting bofedales. A two-component mixing model

using lc-excess during the dry season shows the bofedal source contribution varies

from 9% to 20% [±9–10%], indicating that streamflow is greatly augmented by the

presence of glaciers at these headwater scales. However, applying these proportions

to river discharge shows a sustained bofedal contribution of around 0.09 m3/s during

the dry season study window whereas the flux of glacial water halves from 0.73 to

0.36 m3/s over this timeframe. The results highlight the important role of bofedales

and the connected groundwater system in buffering seasonal declines in streamflow

months into the dry season, and suggests the hydrological functioning of bofedales

as part of this wider system should be considered when exploring the effectiveness

of potential options to sustain baseflows in a post-glacial future.
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1 | INTRODUCTION

Mountains are the world's water towers, generating disproportion-

ately high runoff from precipitation compared with their spatial

extent, and releasing water to downstream populations (Immerzeel

et al., 2020; Viviroli et al., 2007; Viviroli et al., 2020). The cryosphere

is an important moderator of stream regimes in many mountain head-

waters, with glacier and snow melt sustaining streamflow during drier

months of the year (Fountain & Tangborn, 1985; van Tiel et al., 2020).

In the Andes, tropical glaciers are particularly sensitive to climatic

changes and are undergoing rapid rates of recession (Dussaillant

et al., 2019; Salzmann et al., 2013; Taylor et al., 2022; Vuille

et al., 2018), increasing the exposure of downstream populations to

issues of water supply especially during drought years. In the affected

headwaters, high-mountain communities with lower adaptive capacity

are some of the most at risk from climate-induced glacier change

(Buytaert et al., 2017; Drenkhan et al., 2023; Postigo, 2021).

However, even at close proximity to glaciers where melt contribu-

tions are most significant, streamflow variability is also buffered to

some extent by the storage and release dynamics of other stores, such

as surficial and bedrock aquifers, lakes and wetlands (e.g., Chesnokova

et al., 2020; Drenkhan et al., 2023; Glas et al., 2018). Quaternary

deposits from current and previous glaciations can provide the condi-

tions necessary for the development of strategically important aqui-

fers with high permeability and storage capacity (Ó Dochartaigh,

MacDonald et al., 2019; Emmer, 2024) and for the formation of

expansive wetlands in wide glaciated valley bottoms (Hayashi, 2020;

Somers & Mckenzie, 2020). The structure of coarse talus and solifluc-

tion deposits at the hillslope-valley interface is an important control

on the connectivity of high-elevation source areas to underlying

groundwater units (Baraer et al., 2015; Glas et al., 2019; Ó Dochar-

taigh, Archer et al., 2019). Further, moraine and slope deposits can

provide ongoing supply to higher order streams months after the ces-

sation of rainfall (Caballero et al., 2002; Gordon et al., 2015; Muir

et al., 2011). Representation of these source contributions is increas-

ingly important as the glacial meltwater component declines and other

water sources form a greater proportion of streamflow (Somers

et al., 2019).

The hydrological functioning of peat-forming high-altitude wet-

lands (known locally as ‘bofedales’) has become an important focus of

research in the puna ecoregion of the southern tropical Andes. The

distinct hydrophytic plant assemblages that constitute bofedales

develop in depressions and along small springs and streams and are

supplied by melt water, groundwater and precipitation (e.g., Cooper

et al., 2010; Maldonado Fonkén, 2014). Bofedales are important sites

for carbon sequestration (Hribljan et al., 2015), livestock grazing

(Yager et al., 2019), and endemic species (Oyague & Cooper, 2020), as

well as potentially sustaining baseflows during the protracted dry

season (Ross et al., 2023; Wunderlich et al., 2023). Baseflows may be

sustained by the hydrophysical properties of the bofedal soils them-

selves (Buytaert et al., 2011; Rezanezhad et al., 2016), by changes in

bofedal network connectivity as water levels rise and fall seasonally

(Buytaert & Beven, 2011) and even by the densely packed structure

of bofedal plant shoots at the surface (Oyague & Cooper, 2020).

Importantly, as post-glacial features, bofedales are often found in low

gradient valley-bottom areas fed by large contributions of upslope

groundwater (Cooper et al., 2019; Wunderlich et al., 2023), with vari-

ous post-glacial storage units such as moraine (e.g., Gordon

et al., 2015), talus (e.g., McClymont et al., 2010) and sandurs

(e.g., MacDonald et al., 2016) potentially interacting with bofedal

waters.

The high variability of the input and output fluxes to bofedales

makes disentangling the overall contribution to streamflow extremely

difficult using hydrometric methods. Across three extensively instru-

mented sites in central Peru, Oyague et al. (2022) found highly localized

bofedal water table dynamics despite similar seasonal precipitation

regimes, peat thicknesses and landscape positions. Similarly, Ross et al.

(2023) observed large intra-site differences in water table response in

the upper Vilcanota-Urubamba basin (VUB). The authors used these

responses to partition different subsurface components of streamflow

using a novel unit-hydrograph modelling approach, but disaggregation

of the bofedal from the hillslope component ultimately remained elu-

sive without more observational data. The challenge of using a hydro-

metric approach was further exacerbated by the additional melt term in

the glacierized study catchment, and the authors had to make use of a

modelled multiyear mean melt flux despite the potential interannual

variability. Even where spatio-temporal bofedal water table dynamics

have been constrained and evaporation accounted for (e.g., the study

of Wunderlich et al. (2023) in an unglacierized catchment also in the

VUB), dry-season bofedal water storage reductions do not necessarily

translate to equivalent streamflow contributions at the catchment scale

due to potential recharge of deeper groundwater stores which bypass

the gauge at the spatiotemporal scale of study. In glacierized catch-

ments, potential melt inputs to bofedales must also be considered

(directly via melt stream networks or indirectly via groundwater

recharge) although studies have drawn differing conclusions about the

significance of such interactions (Cooper et al., 2019; Dangles

et al., 2017; Polk et al., 2017).

Given the challenges of using water balance methods for hydro-

graph separation in catchments with extensive bofedal coverage, sta-

ble isotopes provide a promising alternative approach. Stable isotopes

of water are conservative tracers in the typical temperatures of the

subsurface, but undergo fractionation during evaporation (Gat, 2010).

This behaviour allows evaporating sources to be separated from other

source contributions using a dual isotope framework, and has been

widely applied to quantify lake and wetland contributions to
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streamflow in studies worldwide (e.g., Brooks et al., 2018; Burns &

Mcdonnell, 1998; Gibson & Reid, 2010; St Amour et al., 2005), though

not yet in high-Andean catchments. Previous hydrogeological studies

in the Cordillera Blanca (CB) in Peru have used both isotopic and geo-

chemical approaches to understand the interactions and relative con-

tributions of groundwater and glacial melt, but clear evidence of

fractionation has been found only in proglacial lakes rather than in

valley-bottom meadows, and isotopic data has largely been used only

to infer originating source elevations rather than to separate the con-

tributions of intermediate stores (Baraer et al., 2015; Gordon

et al., 2015). However, there are reasons to suggest that the ‘evapora-
tive fingerprint’ of water transiting bofedales may yet be identified in

other Andean headwaters.

First, the steep valleys of the CB have only relatively small propor-

tions covered by saturated bofedales. In two CB study sites described as

indicative of other valleys Gordon et al. (2015) classify only 1.5% and 3%

of the total area as meadow (in the study ‘meadow’ is equated with

‘bofedal’). Meadow areas are further subdivided into ‘wet meadows’ or
‘valley-fill grassland’, highlighting that even where bofedales have been

identified the water table is potentially at some distance below the sur-

face and not necessarily exposed to evaporation. Synoptic sampling

efforts have also focussed either on sampling springs directly at source

where the water will have had little time to undergo evaporation in any

bofedal surface stream networks that do occur, or on sampling ground-

water wells that penetrate the upper organic and clay bofedal layers and

are screened in the sand or gravel units beneath.

Second, an evaporative isotopic signal has been previously

observed in streamflow at both catchment and regional scales (Hill

et al., 2018; Williams et al., 2001), but has not been definitively linked

to the contributing source. Williams et al. (2001) found an enrichment

in δ18O of about 4% within 7 km of a glacier tongue in the Ecuadorian

high-altitude grasslands but could not determine whether the enrich-

ment was due to mixing with isotopically enriched rain, evaporation in

bofedales, or some combination of the two. Hill et al. (2018) under-

took basin-wide synoptic sampling of surface waters from high to low

elevation in the CB and observed a similar signal in the headwaters

that was absent in low-elevation jungle or transition zones. Cooper

et al. (2019) sampled two high-altitude river reaches flanked by peat-

lands in Bolivia, suggesting that the more positive δ18O values of

peatland and stream waters relative to hillslope springs was indicative

of evaporative enrichment between the hillslopes and the stream. In

these studies, the dearth of isotope measurements of precipitation

in the tropics generally (Sánchez-Murillo et al., 2019; Terzer-

Wassmuth et al., 2020) and in the southern Peruvian Andes specifi-

cally (Valdivielso et al., 2020), presented significant challenges to iden-

tifying whether precipitation dynamics or in-catchment processes

were driving the isotopic signal in streamflow.

In our study we undertake synoptic sampling across a glacierized

headwater catchment with high bofedal coverage (11%), in a region

where excellent baseline isotopic precipitation data is available (Guy

et al., 2019). We aim to understand the spatio-temporal dynamics of

groundwater, bofedal and glacial contributions to streamflow. Our

specific research objectives are: (1) to identify the water source

dynamics and processes that explain the longitudinal and temporal

isotopic evolution in streamwater; and, (2) to quantify the contribu-

tion of water transiting bofedales to streamflow for all appropriate

periods during the dry season.

2 | STUDY AREA

Peru contains 68% of the world's tropical glaciers, though 56% of

the original glacier area has been lost between 1962 and 2020

(INAIGEM, 2023). The SQC (equivalent to the Ross et al. (2023)

study catchment) is a 54.1 km2, 16% glacierized catchment located

in the headwaters of the Vilcanota River, part of the high-plateau

Antiplano region in the Eastern Cordillera of Southern Peru

(Figure 1). The Cordillera Vilcanota is the second largest tropical

glacierized mountain range in the world (after the CB), and includes

the world's largest tropical glacier, Quelccaya, 10 km SW of the

SQC. Ice core records extracted from Quelccaya since the early

1980s (Thompson et al., 1985) give an annually resolved palaeocli-

mate record for the last 1500 years, and have provided the impetus

for modern-day collection of precipitation isotopes to understand

meteorological controls on spatiotemporal variability (Guy

et al., 2019).

The SQC is orientated NE–SW with an elevation range from

4746 to 5770 m asl. At the head of the 12 km main valley, the Quiso-

quipina and Suyuparina glaciers cover 5.78 km2 and make up 67% of

the glacial area (Figure 1a). Two tributary valleys, approximately half-

way down the catchment, mark the approximate lower limit of the

glacial coverage. The bedrock geology is predominantly the Mitu For-

mation, a complex succession of sedimentary lower units and andes-

itic and basaltic lavas in the upper units (Soberon et al., 2022). The

fine-medium grained sandstones of the Ambo Group underlie

the Mitu Formation, and outcrop up-valley in the SQC closer to Qui-

soquipina. Superficial glacio-fluvial deposits including Holocene

moraine complexes and peat deposits extend over the valley-bottoms.

Our observations in the SQC and studies nearby (King et al., 2021;

Perez & Loisel, 2023) indicate typical peat depths of 0.5–1.5 m overly-

ing clay-rich mineral layers interspersed with further peat phases

down to depths of >5 m. The saturation area varies seasonally, and

our field observations suggest that the satellite derived bofedal

extents in Figure 1b are a good proxy for water tables within about a

metre of the surface. Stream networks meander through the peatland

connecting pools in the bofedal forming a distributed network

(Figure S1d–g). We assume flow through the peat is generally consis-

tent with the surface topography (Bertassello et al., 2020), which

slopes toward the river and down-valley at roughly 45� to the river in

the largest bofedales in the main valley (L1 and L2, Figure 1b,

Figure S2). In some places, anthropogenic channels contour from the

main river across the surface topography to further irrigate sections

of the bofedal directly from the river (Figure S1b), although topo-

graphic constraints limit such surface supply to areas close to the main

river (<100 m).

Precipitation is driven largely by advective moisture transport

from the nearby Amazon basin (Drenkhan et al., 2019; Perry

et al., 2017), and is highly seasonal, with 85%–94% of total annual
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precipitation (666–954 mm) recorded at Sibinacocha AWS falling dur-

ing the austral summer ‘wet season’ months of October–March

(Table S1).

Precipitation phase within the SQC is strongly related to eleva-

tion. Above 5000 m asl solid precipitation dominates at over 95% of

precipitation hours, but the solid–liquid transition is only a few hun-

dred metres lower. At the SQC valley floor elevation (4800 m asl) pre-

cipitation is likely to fall as rain approximately half of the time (Endries

et al., 2018; Perry et al., 2017). Diurnal precipitation patterns exhibit a

bimodal pattern, with mid-afternoon convective rainfall and nocturnal

stratiform events associated with moisture sourced from deep moist

convection over the adjacent Amazon lowlands (Perry et al., 2014;

Perry et al., 2017). At the scale of the Vilcanota basin, the north–south

dominant precipitation trajectory results in a weak relationship of pre-

cipitation amount with elevation (Fyffe et al., 2021). At nearby Sibina-

cocha (4895 m asl) the seasonal range in mean daily temperature is

small (JAS min = 1.5�C, JFM max = 2.7�C) compared to the much

larger diurnal range. Seasonal mean diurnal minima are below freezing

at night in all seasons (JAS min = �4.1�C, JFM max = �0.1�C) but

mean diurnal maxima reach temperatures of between 6.9�C (JFM) and

8.0�C (JAS) in the afternoon (Figure S3), ensuring that the off-glacier

snowpack is highly ephemeral in the SQC. On-glacier, monthly snow

F IGURE 1 (a) The Suyuparina Quisoquipina catchment (SQC) and hydrometerological monitoring stations used in the present study. Bing
satellite basemap (acquisition date 30/06/2016) and field observations used to manually map stream network. (b) Water sample locations by
sample type. Glacier and lake extent from 2020 inventory of (INAIGEM, 2023). Bofedal extents show remote sensing derived bodefal extents at
the end of the 2020 dry season and end of the 2021 wet season (Ross et al., 2023). Hillshade basemap generated from ALOS satellite
(JAXA, 2021). (c) Regional monitoring station locations with respect to the SQC. Elevation bands derived from SRTM satellite (NASA JPL, 2013),
glacier and lake extent from 2020 inventory of (INAIGEM, 2023) and regional stream network from Amatulli et al. (2022) global hydrography
dataset (only strahler stream orders >2 shown). d) SQC location within Eastern Cordillera of Southern Peru.

4 of 21 GRIBBIN ET AL.
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depths are extremely shallow in Quisoquipina glacier ablation zone at

AWS1, with continuous melting and reformation recorded over

periods of days to weeks (Fyffe et al., 2021). Precipitation dynamics

are a critical control on glacial mass balance as net shortwave radia-

tion dominates, being primarily controlled by albedo and therefore by

snowfall (Fyffe et al., 2021; Suarez et al., 2015).

3 | DATA AND METHODS

3.1 | Meteorological data

Hourly temperature, humidity and wind speed data were used from a

tripod-on-ice automatic weather station installed at 5157 m asl on

Quisoquipina Glacier (AWS1, Figure 1a). Precipitation amount is not

monitored at AWS1 but a shielded Pluvio2 weighing precipitation

gauge is located 16 km SW of the SQC at Sibinacocha dam (AWS2,

Figure 1c). In December 2021, a HOBO tipping bucket rain gauge was

installed in the SQC valley floor at 4800 m asl (TRG1, Figure 1a).

Guy et al. (2019) published baseline isotopic precipitation data

collected by citizen scientists from 2013 to 217 and derived local

meteoric water lines (LMWLs) describing the δ18O-δ2H ratio in pre-

cipitation for sites across the region (Figure 1c). The Pucarumi citizen

scientist continued collection from 22nd August 2019 to 23rd August

2023 and this updated dataset is presented to contextualize the

results of the SQC sampling campaign.

3.2 | River stage data

River stage was measured by automatic gauging stations (AGS) at three

locations in the SQC (Figure 1a). AGS1 is a pressure-transducer type

(Solinst Levellogger 5) measuring stage every 30 min, installed in 2016

in a steel pipe fastened to a large boulder (Figure S1a) 1 km down-

stream of Quisoquipina Glacier. Landcover in the 5.05 km2 AGS1

catchment is predominantly glacial (61%) with the remainder a mixture

of freshly exposed subglacial sediment and bedrock (39%). Continuous

measurements are available for 4 years from 2019 to 2022. Low flows

at AGS1 in the dry months of June–August allowed nightly (9 pm–

9 am) ice build-up around the steel pipe and caused a ‘spiking’ artefact
in the apparent water level. For temporal consistency and comparabil-

ity, observations between 9 pm–9 am were removed and daily stage

calculated using the daytime observations only. AGS2 is the principal

AGS in the SQC, and was installed in February 2022 under ‘Halairi-
pampa bridge’ (Figure S1h), following a flood event which destroyed

the previous monitoring station used in Ross et al. (2023). AGS3 was

installed in March 2022 at ‘Viluyo bridge’ (Figure S1i), a non-glacierized

tributary draining a catchment area of 10.65 km2 with a confluence

500 m downstream of AGS2. AGS2 and AGS3 are fixed underneath

the bridge structures monitoring distance to the water surface at inter-

vals of 10–15 min, averaged to daily frequency. Eight manual flow

gauging measurements were made between March 2022 and

September 2023 to formulate a rating curve at AGS2.

3.3 | Snow cover

Snow cover maps were generated using Sentinel-2 satellite imagery

to identify the dates when streamflow contributions from snowmelt

are likely to be significant. The normalized-difference snow index

(NDSI) is a simple method to identify snow cover from satellite imag-

ery based on the principal that snow reflection is significantly higher

in the visible spectrum than in the infrared (Härer et al., 2018). The

5-day revisit time and 20 m grid resolution of Sentinel-2 allows high-

frequency characterization of snow and ice-cover, depending on cloud

conditions at the time of acquisition. A cloud cover mask, NDSI, and

visible bands were downloaded for all available imagery from 1st Jan

to 31st December 2022 from the Sentinel Hub. A binary classification

for snow/ice presence was calculated for each pixel within the catch-

ment using a threshold NDSI of 0.42 (ESA, n.d.). Due to the occasional

misclassification of cloud and snow pixels, a manual assessment of

dates containing only completely clear sky conditions was made using

the imagery from the visible spectrum, plotted alongside the cloud

cover and NDSI masks (Figure S4). A Sentinel DEM acquired in June

2022 was used to bin the snow cover into 10 equal-area elevation

bands.

3.4 | Water source sampling for stable isotopes
and specific electrical conductance (SEC)

Wet (25th March–1st April 2022) and dry (6th August–18th August

2022) season sampling campaigns were undertaken across the SQC

(Figure 1b). The same points on the main channel and principal tribu-

taries were sampled in both campaigns to characterize the down-

stream non-glacial inputs. From 10th April to 26th June, 12 weekly

samples were collected by a citizen scientist at AGS2 (equivalent to

RL18 in Figure 1b) to supplement the campaign sampling.

Solid (Gli) and liquid (Gls) glacial samples were collected from two gla-

cier margins (Gli_02, Gli_03), one proglacial lake outlet (Gls_02) and three

proglacial streams (Gls_01, Gls_03, Gls_04) in the August 2022 campaign,

but in the March 2022 campaign only from one glacier margin (Gli_01)

due to possible mixing with dynamical snowmelt contributions in surface

waters and difficulties accessing other sites. For the solid samples, �1 kg

of surface ice at the margin was removed and placed immediately inside

three sealed ziplock bags and allowed to fully melt before transferring to

HDPE bottles. A 60 cm deep snowpack sampled at 5157 m asl on the

glacier margin (near GLs_03 in Figure 1b) in March 2022 allowed retrieval

of 12 depth-dependent snow points captured at 5 cm intervals. Three

well-defined refrozen ice lenses in the snowpack indicated accumulation-

melt cycles from a number of precipitation events.

Bulk precipitation (PALMEX) samplers designed to prevent post-

collection evaporation (Gröning et al., 2012) were installed from

March 2022 to August 2022 (BPS1 (4780 m) and BPS2 (5112 m);

Figure 1a) and captured the integrated signal over the wet-dry transi-

tion period.

Groundwater samples (GW) were collected at source from peren-

nial springs, identifiable as those with flow in August 2022. Sampling
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of springs at source prior to mixing in bofedales proved difficult. The

mapped dry-season bofedal extent is strongly associated with areas

where groundwater exfiltration is likely to occur (e.g., at the changes

in slope at the valley margins; Figure S1f), and we observed in the field

that the emergence of groundwater frequently occurred within the

bofedal itself. The widespread interconnection with the bofedal sys-

tem meant that definitive identification and sampling of groundwater

sources prior to mixing with bofedal water was possible only at GW1

and GW3 (Figure 1b). GW1 represents a system of four springs dis-

charging from the talus into the main SQC valley (site L1; Figure 1a).

The talus is topographically disconnected from the glacier in the U1

subcatchment, appearing to be recharged by direct precipitation and

run-off from the bedrock outcrop above (Figure S1c). The GW3 spring

was identified and sampled in August 2022. GW3 originates from the

south side of U1, approximately 50 m above the valley bottom on

the south side of U1 and has no glacial sources above (Figure 1b).

Bofedal sampling was targeted to wetland pools in flatter, valley-

bottom sites (sites L1, L2 and L3; Figure 1a) as well as in feeder tribu-

tary valleys with smaller bofedal areas and steeper slopes (sites U1,

U2 and U3; Figure 1a). The quicker grab sampling of pools was pre-

ferred over subsurface sampling to maximize the sample size and to

better represent the bofedal end-member thought to be more actively

contributing to streamflow. Where possible, a systematic sampling

approach was taken along cross-valley transects. The 89 ‘bofedal sur-
face’ (WS) grab samples were collected from the nearest bofedal pool

to geolocated points. A second ‘bofedal auger’ (WA) sample was

taken at 22 sites in August 2022 to investigate the similarity of the

wetland pools to water in the nearby shallow subsurface. For these

samples, a dry area of bofedal vegetation on a microtopographic high

no more than 10 m from the WS sample was selected. A 50 cm soil

plug was removed using a Russian peat corer and the hole allowed to

refill for 2 min prior to sampling the water table.

Field measurements of SEC and temperature were made at the

water source using a Mettler Toledo SevonGo SG7 conductivity

metre, calibrated daily. Unfiltered samples were collected in HDPE

bottles, stored out of direct sunlight and analysed within 6 months of

collection. Analysis was carried out by isotope ratio (dual inlet) mea-

surement on a Isoprime 100 mass spectrometer plus Aquaprep.

Results obtained were expressed in permil (‰) with respect to

VSMOW2 through repeated analyses of house standards

(IAEA, 2017). Measurement errors for all samples were ±0.05‰ for

δ18O and ±0.75‰ for δ2H.

For all samples, the line-conditioned excess (lc-excess) was calcu-

lated. Lc-excess defines the deviation of δ18O and δ2H with respect

to the LMWL (Landwehr & Coplen, 2006) according to:

lcexcess¼ δ2H�aδ18O�b

where a is the slope and b the intercept of the Pucarumi LMWL

(a = 7.98; b = 12.67) defined by Guy et al. (2019). Where a LMWL is

available for a given location, lc-excess is a closer representation of

post-depositional isotopic enrichment compared to d-excess (which

defines the deviation of δ18O and δ2H only with respect to the

GMWL). The expectation is that water transiting bofedales will have a

negative lc-excess (due to the long transit times in the bofedales

drainage network and opportunity for substantial evaporative enrich-

ment at the near-surface) whilst dry season sources transiting to the

river via other pathways will have an lc-excess close to zero (indicat-

ing minimal evaporation).

3.5 | Identifying snowmelt and suitable periods for
mixing analysis

Before quantification of the bofedal component of streamflow can be

attempted using lc-excess, the periods containing potential dynamic

contributions from precipitation and snowmelt must first be excluded.

On shorter timescales (e.g., days to months) incident precipitation

shows significant deviation from the LMWL, therefore we restrict

analysis to dry conditions where dynamic contributions from event-

scale precipitation and snowmelt sources are negligible.

Rather than relying on lower elevation rain gauge data when on-

glacier snow melt may not occur until sometime after the snowfall

event, here we interrogate the characteristics of the diurnal AGS1

hydrograph to identify the influence of supraglacial snowmelt and

define the transitions between different periods. The timing and form

of the daily hydrograph melt peak can reveal important information

about on-glacier processes over a melt season (Hannah et al., 2000;

Irvine-Fynn et al., 2017). For example, a late peak may reflect the slow

percolation of meltwater through a supraglacial snowpack covering

the ablation zone. The paired principal component analysis (PCA) and

hierarchical cluster analysis (HCA) approach of Hannah et al. (2000)

was applied on the hourly water level measures on a 11 am–11 pm

window at AGS1 from 2019 to 2022 (see SI S2 for further details).

Lag times between air temperature at the AGS1 barometric sensor

and water level in the pressure transducer were independently calcu-

lated to aid interpretation of hydrograph clusters, computed using a

moving window cross correlation on the cleaned hourly dataset

(Jobard & Dzikowski, 2006). Given the potential impact of englacial

and proglacial as well as supraglacial processes on hydrograph form

(Irvine-Fynn et al., 2017; Jobard & Dzikowski, 2006; Swift

et al., 2005), all available meteorological, isotope and satellite data

were synthesized together to aid interpretation of the periods and

describe the catchment-scale water source dynamics.

3.6 | End-member mixing analysis

A downstream synoptic survey in the dry season from RL01 (>90%

glacierized) to RL18/AGS2 (16% glacierized) showed the δ18O-δ2H

signature was most similar to the glacial end-member along the whole

river, though migrated appreciably toward the bofedal end-member

with distance downstream.

For all identified periods where the RL18 isotopic signature was

similar to the glacial end-member and event-scale rain and snowmelt

contributions were not apparent, the fractional contribution of
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bofedal runoff in streamflow at RL18 (Fbofedal) was quantified

according to;

Fbofedal ¼ LCRL18�LCglacial

� �
= LCbofedal�LCglacial

� �

where LCbofedal is the lc-excess of a single sample selected from the

normally distributed PDF of the bofedal end-member, LCglacial is

the lc-excess of a single sample randomly selected from the glacial

end-member (the sample size was too small to estimate the parame-

ters of the distribution), and LCRL18 the lc-excess of the selected

RL18 sample corrected for evaporative enrichment. End-member

sampling was only undertaken during the two intensive field sam-

pling campaigns, rather than the interim period when the majority of

the RL18 samples were collected, so time-varying end-member char-

acterization was not possible. The evaporative correction was

applied to estimate the lc-excess decrease caused by in-channel

evaporation as water moves downstream in the main river stem (see

SI S3 for further details). Monte Carlo sampling for each of the

selected periods (iterations = 100 000) was used to investigate the

impact of uncertainties in measurement, choice of LMWL (based on

the coefficients published by Guy et al. (2019) for the 6 precipitation

collection sites in the Vilcanota), end-member and in-channel evapo-

ration assumptions.

4 | RESULTS

4.1 | Wet to dry season isotopic variability

4.1.1 | Precipitation

The stable isotope data show precipitation becomes increasingly

depleted through the wet season, and more enriched in the dry

(Figure 2). The close proximity of the SQC snowpack and bulk sampler

observations to the Pucarumi LMWL (Figure 2 inset) emphasizes the

regionally-consistent precipitation dynamics and LMWLs (Guy

et al., 2019). Evaporation from bulk samplers and sublimation of the

late-March snowpack appears minimal.

The SQC samples closely match the short-term isotopic variability

at Pucarumi (Figure 3a). SQC snowpack samples taken on 30th March

have a mean δ18O of �18.86‰ ± 2.311 (min = �21.03,

max = �11.40‰), and the SQC bulk samplers capture rainfall events

the following week with more depleted δ18O values of �21.95 and

�21.09‰. These samples correspond closely in trajectory and abso-

lute value to the progressive δ18O depletion at Pucarumi during

March 2022. The SQC bulk precipitation samples (BPS) collected from

April – August also closely match the daily Pucarumi observations

aggregated over the same window. This agreement suggests that

Pucarumi provides a good approximation of the isotopic variability on

the weekly to seasonal scale within the catchment. The similarity (and

slight enrichment) of the SQC BPS (4780–5112 m) compared to the

Pucarumi (4150 m) observations is consistent with longer monitoring

at the scale of the VUB which has not found evidence of an elevation

effect (Guy et al., 2019).

The 2021–22 hydrological year was relatively wet compared to

other years, with the highest annual precipitation (954 mm) at the

shielded and heated Sibinacocha gauge since measurement began in

2017–18 (Table S1). Comparing the rain gauge records (Figure 3b),

the seasonality is broadly comparable but differences in recorded pre-

cipitation amount could point either to local differences in rainfall or

to monitoring biases (e.g., to systematic under-catch during hail

events from the tipping bucket rain gauge in the SQC). For this rea-

son, we considered other information sources (e.g., hydrograph analy-

sis) when interpreting the influence of snowmelt/rainfall events rather

than relying on SQC rain gauge data alone.

F IGURE 2 Monthly mean and
weighted annual mean δ18O and δ2H in
precipitation at Pucarumi, 47 km NW of
the SQC, for hydrological years
(HY) 2013–21 (excl. HY 2018–19 for
which data are not yet available)
compared to SQC observations from
March and August 2022. Size of Pucarumi
monthly markers are proportional to

rainfall amount.

GRIBBIN ET AL. 7 of 21

 10991085, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hyp.15237 by B

ritish G
eological Survey, W

iley O
nline L

ibrary on [12/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4.1.2 | Glacial melt

Glacial melt samples (n = 7) collected from proglacial melt streams

and ice samples in March and August 2022 exhibit a δ18O range of

�17.33 to �15.70‰ (mean = �16.54 ± 0.67‰), close to the

weighted annual mean δ18O of Pucarumi precipitation (mean-

= �15.67 ± 1.82‰). All samples lie near the Pucarumi LMWL

(Figure 4a) with a mean lc-excess of 0.83 ± 0.45 (Table 1).

4.1.3 | Groundwater

Two perennial spring areas were sampled at source in the catchment at

locations with no obvious mixing with other water sources (GW3 and

GW1). GW1 springs, show a similar isotopic signature in both sampling

seasons, with a mean δ18O of �18.05‰ in March and �17.97‰ in

August (Figure S12). The high lc-excess of the springs (range �1.8 to

1.4, mean = �0.4 ± 1.2) suggests minimal evaporation (Table 1).

4.1.4 | Bofedal and tributary samples

The WS (bofedal surface) samples show a consistent evaporative sig-

nal, with all samples falling to the right-hand side of the LMWL

(negative lc-excess) in both sampling seasons (Figure 4a). The WS

samples show the largest isotopic variability of all sample types with a

δ18O SD of 1.64‰ in March 2022 and 1.62‰ in August 2022

(Figure 4, Table S3). The WA (bofedal auger) samples are isotopically

similar to the WS samples; however we find a statistically significant

mean δ18O enrichment of 0.67‰ (paired two-sample t-test, p < 0.05)

of WS compared to WA (Table S5).

All WS in August from upper valley sites have a more positive lc-

excess than lower bofedal sites (mean L1 = �9.6, L2 = �9.6,

L3 = �9.8, U1 = �5.6, U2 = �5.8). With the exception of site U3,

the same pattern is observed in March (mean L1 = �9.0, L3 = �13.5,

U2 = �2.0, U3 = �10.9). Interestingly, in August the tributaries dis-

charging from the upper into the lower valley sites (e.g., TR12-14,

Figure 5a,b) have a negative lc-excess similar to the bofedales in the

upper valley. The tributaries further away from the glacial headwater

(larger circles, Figure 4b,c), show an evaporative signature similar to

the bofedal samples. Mean lc-excess of the samples taken in the val-

ley bottom bofedal sites (L1 and L3) are similar for the March and

August sample campaigns, with an lc-excess of �11.2 ± 5.7 in March

and �9.7 ± 5.6 in August. A two-sample Kolmogorov–Smirnov test of

the lc-excess distributions over the two seasons showed that the null

hypothesis that the L1 and L3 samples are drawn from the same

underlying distribution could not be rejected (p > 0.05). Accordingly,

the overall mean of the L1 and L3 samples in both seasons

F IGURE 3 (a) Daily δ18O precipitation observations at Pucarumi (black points, size indicates precipitation amount), 15-day rolling volume-
weighted mean (black line) and monthly mean (black dashed line). (b) Cumulative monthly (left axis) and daily (right axis) precipitation comparison
at Pucarumi, Sibinacocha and the SQC.
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(�11.0 ± 5.5) was used as the representative end-member for bofedal

water supplying the main river. The lc-excess of tributaries TR12-14

discharging from the upper valley bofedal during August 2022 fall

within or just outside the upper 1 SD limit of this distribution (min-

= �6.7, max = �5.2). Compared to upper bofedal wetlands the lower

bofedales were considered the more representative end-member for

water entering the main river. This was due to their larger spatial

extent, and because tributaries discharging the upper bofedales were

often observed to supply the lower bofedales directly (e.g., TR13-14,

Figure 1b), becoming indistinguishable from the distributed lower

bofedal pond network on entering the main valley (Figure S1d).

4.1.5 | Longitudinal and temporal sampling of the
main river

The isotopic composition of river samples shows a significant change

between the March wet-season sampling (δ18O = �19.00 ± 0.28,

δ2H = �138.8 ± 1.4, n = 18, Table S3) and August dry-season sam-

pling (δ18O = �16.41 ± 0.23, δ2H = �119.1 ± 1.2, n = 19, Table S3)

(two-sample t-test, p < 0.05). The longitudinal variability is smaller

than the seasonal variability (Figure 4d), but a consistent enrichment

is observed with distance downstream in both March and August

2022, with an increase in δ18O of 0.71‰ and 0.56‰ respectively. Lc-

excess generally decreases with distance downstream in both sam-

pling campaigns (Figure 5c). For 18 of the 20 RL18 samples lc-excess

is negative.

SEC increases downstream between Quisoquipina snout from

80 to 90 μS/cm to a peak of �220 μS/cm reached by points RL08

and RL13 in March and August respectively (Figure S13a,b). Sample

RL08 is found at the end of the glacierized area, and an increase in

SEC with distance downstream between RL01 and RL08 may be

indicative of more intensive rock-water reactions occurring with the

more recently exposed glacial sediments in the upper catchment, fol-

lowed by a shift toward runoff inputs with less time in contact with

bedrock and clastic material in the lower catchment.

4.2 | Spatio-temporal variability in streamflow
source waters

Weekly isotope sampling at RL18, bracketed by the March and

August 2022 end-member sampling campaigns, can elucidate the

water source contributions during a particularly dynamic time of

F IGURE 4 Stable isotope composition (δ18O and δ2H) of waters sampled in March and August sampling campaigns (panels a–c) and temporal
samples collected at RL18 during the interim period (panel d). For panels b–d ‘River longitudinal’ and ‘Tributary’ symbol size indicates distance
along the main channel, with smallest sizes at Quisoquipina snout (RL01) and largest sizes closest to AGS2 (RL18). In panel d, the mean lc-excess
±1 SD of the bofedal end-member in March and August is also shown to demonstrate the similarity between the two sampling campaigns.
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the hydrological year. The RL18 range in δ18O is �18.8 to �18.3‰

prior to 1st May and �16.9 to �15.9‰ thereafter (Table 1), indicating

a shift in water sources during the transition from the wet to the dry

season.

These changes are interpreted using Figure 6. Diurnal hydrograph

classification of the 1071/1461 days with complete observations at

AGS1 yielded three hydrograph groupings; ‘early’, ‘mid’ and ‘late’
daily peaks (SI S2.2). Four key periods are delineated based on the

transitions between these clusters (Figure 6a) and are described below

using evidence from: the daily lag between air temperature and dis-

charge at AGS1 from the cross-correlation analysis (T-Q lag,

Figure 6b), the glacial and non-glacial water level monitoring

(Figure 6c), the meteorological monitoring available at TRG1 and

AWS1 (Figure 6d), the satellite-derived snow and ice cover fraction in

the catchment (Figure 6e), and the isotopic changes at RL18

(Figure 6f,g).

4.2.1 | Period 1: ‘Frequent heavy precipitation’

The T-Q lag times and hydrograph clustering (Figure 6a,b) are charac-

terized by inter-day switching between early and late peaked hydro-

graphs over consecutive days. Daily precipitation totals are high with

respect to other periods (Figure 6d). The hydrograph changes are

F IGURE 5 Spatial variability in lc-excess for sampling campaigns in (a) March 2022 and (b) August 2022. For clarity only main channel
samples from longitudinal sampling campaigns on the 31st March and 7th August are shown. Glacier and lake extent from 2020 inventory of
(INAIGEM, 2023). Hillshade basemap generated from ALOS satellite (JAXA, 2021). (c) Trend in lc-excess with distance downstream for all river
samples (n = 49), colour coded where multiple samples were taken along the river on the same day. Main channel sampling locations are

indicated for all samples taken on 31/03/2022 and 07/08/2022 (longitudinal sampling days).

GRIBBIN ET AL. 11 of 21

 10991085, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hyp.15237 by B

ritish G
eological Survey, W

iley O
nline L

ibrary on [12/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



F IGURE 6 Wet to dry season
temporal variability in;
(a) hydrograph shape clusters;
(b) diurnal hourly
temperature – discharge lag at
Quisoquipina glacier; (c) water
level at AGS1, AGS2, and AGS3;
(d) precipitation at SQC raingauge
(RSG1) and temperature at

Quisoquipina glacier (AWS1);
(e) Snow and ice cover derived
from SENTINEL2 satellite imagery
in 10 equal area-weighted
elevation bands. © European
Space Agency – ESA; (f, g) δ18O
and lc-excess at RL18 (AGS2),
with rolling-15 day precipitation
mean and range of snow and
glacial end-members shown for
context.
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frequent and rapid compared to the snow-ice transitions observed

over longer time windows on alpine glaciers with seasonal snowpacks

(Hannah et al., 1999), likely reflecting the transience of on-glacier

snowcover and associated variability in albedo and ablation on differ-

ent days and elevations on the glacier surface (Fyffe et al., 2021). The

streamflow sample taken on 10/04 at RL18 captures the falling limb

of the final storm event of the wet season in which a clear response in

both glacial and non-glacial hydrographs is observed (Figure 6c). From

25/03 to 10/04 the isotopic signature at RL18 is similar to rainfall and

snowpack samples at the end of the wet season (Figures 4d and 6f).

The fractional area of snow and ice cover shows a large overall

decrease during April (Figure 6e). Values are then static for the lowest

70% of elevations (4746–5225 m) for the remainder of the dry sea-

son, showing the rapid melt of off-glacier wet season snow cover at

these elevations early in the dry season.

4.2.2 | Period 2: ‘Dry and warm conditions’

Period 2 is characterized by mid-peaked hydrographs with less frequent

switching between clusters (Figure 6a). From 10/04 to 24/04, the T-Q

lag time at AGS1 steadily transitions from 7 to 5 h (Figure 6b). From

17/04 to 08/05 the RL18 (AGS2) samples transition from an isotopic

content similar to wet season precipitation to that of the ice melt end-

member (Figure 6f). The increasing dominance of glacial sources during

Period 2 is also indicated by the sustained high water level at AGS1

(glacial) even as AGS3 (non-glacial) continues a relatively steep reces-

sion (Figure 6c). Two isotope samples taken on 24/04 and 01/05 cap-

ture transitional points. This isotopic transition at AGS2 occurs 1–

2 weeks after the T-Q lag time stabilizes at 5 h at AGS1 in the glacial

headwaters (Figure 6b). RL18 samples collected on 08/05, 15/05 and

22/08 are isotopically similar to the glacial end-member, and represent

a warm, dry period with no precipitation recorded at RSG1. Daily mean

temperatures on the glacier between these dates vary from �1.6 to

+1.0�C (mean = �0.7�C). A 1.6 mm precipitation event on 26–27/05

(Figure 6d, SI S5) is recorded at the end of Period 2 and the RL18 sam-

ple taken 2–3 days later on 29/05 showed an elevated lc-excess com-

pared to samples from drier dates (Figure 6g).

4.2.3 | Period 3: ‘Dry and cool conditions’

Late-peaked hydrographs characterize Period 3, and a water level

reduction at AGS1 also coincides with the onset of the period

(Figure 6a). During the dry season, at scales of greater than 1 week,

water level at AGS1 appears to follow mean daily air temperature

(Figure 6c,d). Daily mean temperatures are lower than in Period 2, and

especially from 05/06 to 26/06 (mean = �2.6�C, range �4.4 to

�0.9�C) when samples at RL18 were collected. Each sample taken at

RL18 during Period 3 (n = 4) has a more negative lc-excess than the

samples from Period 2 (n = 3), with a mean difference of 0.9. Sam-

pling on 06/08 marks the onset of a more dynamic period (Figure 6a,

SI S5).

4.2.4 | Period 4: ‘Sporadic light precipitation’

Period 4 is marked by a similar switching between early, mid and late-

peaked hydrographs as observed in Period 1 (Figure 6a). Sporadic pre-

cipitation events occur at the TRG1 gauge from 07/08 (Figure 6a,d).

Although water level at AGS1 still appears to track air temperature

changes, these precipitation events complicate interpretation of the

more subtle changes in δ18O-δ2H at RL18, and the mixing of new

snowmelt contributions with ice melt potentially drives some of the

variability in lc-excess (Figure 6g). However, AGS2 precipitation totals

and water levels at AGS2 and AGS3 remain relatively low and generally

characteristic of the dry season. RL18 δ18O also remains similar to the

glacial end-member (Figures 4d and 6f).

4.3 | Bofedal contributions to streamflow

To take a conservative approach to identifying bofedal contributions to

streamflow, we removed samples where event-scale rain/snowmelt con-

tributions were potentially driving isotopic variability at RL18. We

excluded samples from; periods characterized by precipitation events

(Periods 1 and Period 4); less than two-days after a recorded rain event

(29/05/2022 sample); during the wet-dry season freshet identified by

changing diurnal lag time at the glacier snout and δ18O-δ2H similarity at

RL18 to late wet season snow (24/04/2022 and 01/05/2022 samples).

This yielded 7 out of 20 RL18 samples for subsequent analysis (08/05,

15/05, 22/05, 05/06, 12/06, 19/06, and 26/06/2022).

The δ18O-δ2H of the RL18 samples for these dates indicate that

glacial melt is the dominant water source to the river (Figures 4d and

6f). End-member sampling shows an δ18O-δ2H enrichment (lc-excess

decrease) with distance downstream and a migration toward bofe-

dales and bofedal-fed tributaries which cannot be explained by any

other end-members sampled in March or August 2022 (Figure 4).

Campaign sampling of glacial and bofedal sources was not undertaken

when any of the 7 samples were collected in May–June 2022, how-

ever the consistency of lc-excess of glacial and bofedal end-members

in both March and August 2022 (overlapping shaded bands in

Figure 4d) suggests the intermediate period is adequately character-

ized by the bracketing sample campaigns. The bofedal end-member

was characterized using samples collected in August 2022 at lower

valley sites L1 and L3, and the glacial using all available glacial samples

(Table 1).

Across all samples, the median fractional bofedal contribution is

0.09–0.20 (± 0.09–0.10) (Figure 7a). Bofedal outflow is stable, and the

fractional increase in bofedal supply between Period 2 and Period 3 is

driven mainly by the reduction in overall discharge caused by lower

supply from glacial sources (Figure 7b).

5 | DISCUSSION

In wet and dry seasons, we found an increasing enrichment of δ18O and

δ2H (increasing lc-excess) with distance downriver in the SQC (Figures 4d
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and 5c). We suggest that during certain dry periods, lc-excess can be used

to separate the streamflow contributions of glacial and bofedal sources.

In the following sections, we first discuss the apparent glacial and bofedal

water source dynamics, before introducing a conceptual model that

includes the broader groundwater system to aid discussion of the implica-

tions (and limitations) of our findings in this rapidly deglaciating landscape.

5.1 | Dry season glacial melt dynamics

The seasonal evolution of stable isotopes at RL18 (AGS2 gauge)

between March and August 2022 largely reflects the transition from

wet season rain/snow to ice melt sources (Figures 4d and 6f). The

steady δ18O values at RL18 in Period 2 and 3 suggests a well-mixed

glacial signal is reached after a 3 week period of transition following

the last significant precipitation. Off-glacier snow cover in the SQC

does not persist for more than a few days after the end of the wet

season except at the highest elevations. The T-Q lag of the AGS1

hydrograph in the highly glacierized upper part of the catchment sup-

ports our interpretation of a rapid transition from the longer flow-

paths associated with meltwater percolating through the supraglacial

snowpack to the shorter lag times of a more snow-free glacier surface.

This transition is rapid compared to other studies worldwide (Aizen

et al., 1996; Ohlanders et al., 2013; Penna et al., 2017), but concords

with the point-scale energy balance modelling in our catchment by

Fyffe et al, 2021. The authors found an extremely thin maximum

mean monthly snow depth of just 2 cm at AWS1, and that May–

October contributions to total ablation were dominated by ice melt

(76%), with snow melt (17%) and sublimation (7%) only minor contrib-

utors over the period. The 1–2 week difference between the stabiliza-

tion of the T-Q lag time at AGS1 and the isotopic transition at AGS2

to that of an ice end-member could indicate catchment scaling effects

F IGURE 7 (a) relative contributions of water transiting bofedales and glacial sources at AGS2 based on two-component mixing model and
Monte Carlo uncertainty analysis. Boxplot represents 25th – 75th percentiles (white text indicates median value) and whiskers extend to
1.5 � interquartile range. (b) Absolute contributions of water transiting bofedales and glacial sources calculated by applying median fractional
contributions to AGS2 discharge.
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and/or the more delayed drainage of wet season precipitation from

non-glacial stores downstream in the catchment.

Particular attention should be given to the melt contribution of

the seasonal glacial snowpack because of the potentially high isotopic

variability and associated uncertainty (Dar et al., 2024; Haiyan

et al., 2018). During snowmelt, lighter isotopes are initially preferen-

tially flushed and meltwater typically becomes progressively enriched

over the snowmelt period (Beria et al., 2018; Lee et al., 2010; Noor

et al., 2023; Stichler et al., 2001; Taylor et al., 2001). This is often due

to the occurrence of liquid-ice fractionation, but further enrichment

can occur due to isotopic fractionation by evaporation/sublimation

(Lee et al., 2010; Noor et al., 2023; Taylor et al., 2001). On other gla-

ciers with thin, transient snowpacks, the extent of isotopic fraction-

ation in meltwaters is minimal, due to the large contributions from

bare surface ice which do not introduce isotopic fractionation (Zhou

et al., 2014). Liquid-ice fractionation is also thought to be lower under

conditions of high melt rate (Noor et al., 2023). The seasonally consis-

tent downriver enrichment (Figure 6) indicates that an off-glacier pro-

gressive enrichment is the likely driver in the SQC, however without

samples from the glacier snout between Period 2 and Period 3 it is dif-

ficult to definitively exclude on-glacier fractionation processes during

this period, despite the daily evaporation estimates remaining similar

over this transition (Figure S11). For example, it is possible that the

subtle enrichment in δ18O-δ2H (lc-excess decrease) at RL18 in Period

3 relate to the increased proportion of enriched snowmelt following a

snow event on glacier at the end of Period 2. Penn et al. (2023)

hypothesise that longer meltwater transit time during periods of snow

cover may lead to enhanced evaporative fractionation compared to

periods with more exposed surface ice when supraglacial drainage is

more efficient. Whilst the lower water levels at AGS1 in Period 3 may

reflect the persistently high albedo conditions following such a snow-

fall event, it may be that the ongoing seasonal decline in air tempera-

ture has reduced the absolute glacial contributions at AGS1 and

therefore the relative contributions of non-glacial evaporative sources

at AGS2 have increased. Improved understanding of glacier surface

energy balance dynamics is required to predict how climate induced

changes to precipitation amount, phase and timing will impact stream-

flow variability in glacierized Andean catchments. Future glacier

modelling work will attempt to distinguish between snow and ice melt

components to explore the significance of such dry season snow

events.

5.2 | Bofedal and tributary stream fractionation
signal

Wetlands often show extremely variable isotopic composition even

within the same catchment (e.g., Cooper et al., 2019; Lahuatte

et al., 2022; Sprenger et al., 2017), and in particular enrichment where

the water table is closer to the surface and more exposed to radiation

(Isokangas et al., 2017; Mayernik et al., 2024; Vyse et al., 2020). In the

SQC, sampling was targeted in upper (U1, U2 and U3) and lower (L1,

L2 and L3) valley bottom sites where bofedal wetland pools are

widespread even during the dry season (Figure S1d). A clear evapora-

tive signal was observed in wet and dry seasons (Figure 4). The paired

auger samples nearby to bofedal pools have slightly lower δ18O than

the pools themselves (Table S5), likely indicating that the pools are

driving the evaporative fractionation and that subsequent mixing is

occurring in the shallow groundwater (Vyse et al., 2020).

An evaporative signal is not always observed in tropical wetlands

(e.g., Mosquera et al., 2016; Valois et al., 2021). Extensive monitoring

at the Zhucaray experimental catchment in Ecuador has shown that

wetland and streamwaters undergo only minimal fractionation,

despite the majority of water draining through wetlands in both high

and low flow conditions, probably due to high humidity (>90%) sup-

pressing evaporation (Mosquera et al., 2016; Pesántez et al., 2023). In

higher latitudes, temporal switching from high to low lc-excess in wet-

lands has been explained by changes between ‘rainfall driven’ and

‘radiation driven’ conditions (Sprenger et al., 2017). In the SQC, it is

interesting that wetlands remain evaporatively enriched even during

the wet antecedent conditions of March 2022 when larger contribu-

tions from more recent high lc-excess precipitation might be expected

(Figure 4). The consistent evaporative enrichment may highlight the

high year-round radiative forcing at our high-elevation tropical site.

Alternatively, the shorter transit times in wet antecedent conditions

may allow less time for evaporation, counterbalancing the increased

exposure to evaporation from higher water tables and greater wetland

contributing area.

The dominant water source supplying the sampled bofedales can

be approximated assuming that the general bofedal δ18O-δ2H rela-

tionship reflects the local evaporation line along which the water has

evolved (SI S6). At all sites, wet season bofedal water is similar to the

late wet season precipitation end-member, and dry season wetland

water similar to the groundwater springs discharging along the valley

sides (Figure S17). This indicates ongoing groundwater supply to the

bofedales during the dry season rather than simply a filling up of bofe-

dales in the wet season followed by discharge in the dry. Similar to

Cooper et al. (2019), our results highlight the general importance of

groundwater supply even in glacierized headwaters, although the

observed channel diversions from the main river (e.g., Figure S1b) may

also provide an important supply in localized areas.

The evaporative signature of tributary streams TR12-TR14 sug-

gests ongoing supply from upper valley bofedal sources well into the

dry season (Figure 4). Even in catchments where strong evaporative

enrichment of unsaturated soils occurs, streamwater and groundwater

do not usually show signs of significant fractionation (Brooks, 2015;

Evaristo et al., 2015; Sprenger et al., 2016), and fractionation of

downstream waters is typically caused by evaporation of hydrologi-

cally connected surface water and saturated soils (Brooks

et al., 2018). Calculated absolute bofedal contributions remain

remarkably similar despite the large discharge decrease between

Period 2 and 3 (Figure 7). This implies that a dynamic equilibrium has

been reached between bofedal inflow and outflow during this window

in the dry season. Other studies across different post-glacial land-

scapes have also shown continuing wetland connectivity to the down-

stream network during dry conditions. Brooks et al. (2018) examined
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wetland-stream connectivity in a watershed dominated by prairie-

pothole wetlands and found ongoing contributions during baseflow

conditions that cannot be explained by fill-and-spill processes acti-

vated during precipitation events. In the Scottish Bruntland Burn

catchment, Sprenger et al. (2017) also demonstrated a passing on of

the wetland signal to tributary streams during dry summer conditions,

although Soulsby et al. (2021) showed that during an extended

drought wetland contributions eventually ceased and downstream

changes instead tended toward unevaporated groundwater

contributions.

5.3 | Conceptual understanding of bofedal
streamflow contributions

In Figure 8 we present our conceptual model describing the ongoing

bofedal wetland contributions to streamflow in the SQC. The bofedal

water table falls following the wet season, but remains sufficiently

high to sustain saturated conditions for the duration of the dry season

in some bofedal pools. This ensures that high evaporative fluxes and

connectivity to the stream network is maintained year-round. We sug-

gest supply to bofedales is maintained by groundwater discharging

from hillslope springs and slope deposits at the valley edges, and also

potentially at larger distances from the hillslopes where localized

upward head gradients occur allowing groundwater discharge from

the underlying gravels through discontinuous clay lenses (e.g., Baraer

et al., 2015; Ó Dochartaigh, Archer et al., 2019). The gently sloping

topographic gradient, which is down-valley and toward the main river

in the lower bofedales, connects bofedal pools in series as an expan-

sive network of ‘flow-through’ wetlands (Leibowitz et al., 2016; Van

Der Kamp & Hayashi, 2009). Pools are connected by peat flow in the

shallow subsurface and through small channels between the pools

where the water table is sufficiently high. The lower elevation sites

L1, L2 and L3 have a lower lc-excess compared to sites U1, U2 and

U3, potentially suggesting further water cycling at larger scales as

wetlands at higher elevation supply downstream wetlands in the main

valley (Vyse et al, 2020). The lower SEC of samples at site U2 in

March and August 2022 compared to L1 and L3 is also consistent

with increased shallow groundwater entrainment of solutes from

weathered material on these longer flow paths (Figure S13a,b).

The implicit assumption of our lc-excess mixing approach is that

all non-glacial groundwater contributing to streamflow transits

through bofedales on route to the river. The similar lc-excess of upper

bofedales and streams discharging the tributary valleys suggest this is

F IGURE 8 Conceptual model of the SQC showing ongoing bofedal wetland connectivity to the main river during the dry season drawing on
other conceptual models from other analogue settings (Baraer et al., 2015; Ó Dochartaigh, Archer et al., 2019; Vyse et al., 2020; Wunderlich
et al., 2023). Bofedales are supplied predominantly by groundwater. Springs emanating from hillslopes and slope deposits provide supply at the
valley sides. Deeper groundwater exchanges are also possible between the peat and the underlying aquifers. Bofedal flow describes surface flow
in the interconnected pond network as well as flow through the peat in the shallow subsurface.
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a reasonable assumption in the upper valleys (Figure 5b). The available

groundwater spring samples, though extremely limited in number, also

support this assumption. The δ18O-δ2H position of the sampled talus

and hillslope springs suggest that water is not contributing directly

from these stores without first transiting through wetlands

(Figure 4d). Studies in the CB have emphasized the importance of val-

ley side deposits in sustaining groundwater springs in the dry season

(Baraer et al., 2015), and as key zones of recharge for the underlying

aquifer (Glas et al., 2019). We suggest a similar role for slope deposits

in the SQC (Figure 8), though they are not as ubiquitous as the CB

which may also explain the difficulty we had in locating spring

sources. Lateral talus slopes supplied 9/11 of the springs sampled by

Baraer et al. (2015) along the steep CB valley of Quilcayhuanca. If

deeper groundwater stores in the SQC are isotopically similar to the

few talus springs we sampled, direct contributions from deeper stores

would be similarly unable to explain the downstream δ18O-δ2H river

signal in the dry season (Figure 4d). Similar to other mountainous

headwaters, deeper groundwater may be bypassing higher-order

streams and supplying rivers only at a larger scale downstream

(Frisbee et al., 2011; Gleeson & Manning, 2008; Hayashi, 2020), with

flow primarily parallel to the SQC valley.

However, the isotopic content and connection between channel,

floodplain, and the underlying glaciofluvial aquifer remains undeter-

mined in the SQC, and substantial exchanges may occur at the inter-

faces (MacDonald et al., 2016; Mackay et al., 2020; Ó Dochartaigh,

Archer et al., 2019). Indeed, some of the annual volume-weighted

rainfall δ18O-δ2H values (Figure 2) overlap with the glacial samples

(Figure 4d), which could indicate that deeper groundwater stores are

isotopically indistinguishable from the glacial end-member (assuming

that the groundwater signature reflects the volume-weighted precipi-

tation over longer time periods). In such an instance, the ‘glacial
sources’ component of Figure 7 would also represent an unknown

contribution of non-glacial groundwater. Whilst this would mean our

study overestimates the true glacial melt component, in the study of

Baraer et al. (2015) the opposite is more likely because the authors do

not distinguish between glacially and non-glacially derived groundwa-

ter sources in their two-component mixing analysis of melt and

groundwater contributions using non-conservative tracers. The differ-

ences in end-member conceptualisation may explain why the melt

component is only 49–62% of streamflow in the similarly glacierized

(17%) and sized (71.5 km2) Quilcayhuanca valley compared to our

assessment of 80%–91% in the SQC.

Our results differ to a greater extent to those of Ross et al. (2023)

in the SQC, who suggest that glacial melt contributions are as low as

12% of streamflow during the 2020 dry season at AGS2. Our

approach was generally to circumvent some of the uncertainties of

the hydrometric methods employed in that study, although our finding

that dry season flows are greatly augmented by the presence of gla-

ciers is tentatively supported by spot gauging measurements. Salt

dilution discharge measurements were made at AGS1 and AGS2 for

two dry season dates in 2022. The discharge measurements show

that AGS1 represents 37% (07/08/2022: AGS1 = 135 L/s,

AGS2 = 366 L/s) and 40% (27/08/2022: AGS1 = 155 L/s,

AGS2 = 389 L/s) of the flow at AGS2, with 76% of the AGS2 glacial

area remaining downstream of AGS1. Further work in the SQC will

use tracer-aided glacio-hydrological modelling to better constrain the

variability of stable isotopes and water fluxes in the different stores

across multiple years, and will consider the role of surface

water – groundwater exchanges which can be significant in these set-

tings (Gordon et al., 2015; Somers et al., 2016).

6 | CONCLUSION

Isotope sampling revealed a rapid transition in the SQC over a period

of 3 weeks from a flow regime dominated by recent rainfall and snow-

melt to an ice-melt dominated system. We link the consistent down-

stream fractionation in surface water in the proglacial area to the

contributions of bofedal wetlands. Similar to other conceptual models

in the tropics (Mosquera et al., 2016; Wunderlich et al., 2023), we

suggest that groundwater contributions at the scale of the SQC transit

through a bofedal store before supplying the main channel. A simple

two-component mixing model using lc-excess to separate glacial and

wetland components suggests dry season wetland contributions of

between 9% and 20% (±9%–10%) of total streamflow. Though the

water resource impacts of adaptation strategies involving bofedales

(e.g., FAO, 2022a; FAO, 2022b) remain poorly understood (Drenkhan

et al., 2023), the high proportion of glacial melt that we find in this

study suggests it will be challenging for any intervention to fully

buffer the magnitude of the glacial melt reductions expected in the

coming decades in the headwaters of the VUB (e.g., Mackay

et al., 2024). On the other hand, the ongoing supply from bofedales

long into the dry season suggests that adaptation measures that mod-

ify bofedal hydrology beyond the headwaters could have important

impacts on water resources regionally and should be further explored.
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