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Key points: 15 

1.) For the mountainous catchments in the Upper Colorado River, the fate of snow (rain) is 16 

33% (67%) ET and 13% (8%) summer streamflow. 17 

2.) In catchments with relatively higher tree density, snow was more likely to evapotranspire 18 

with less rain and snow sustaining streamflow. 19 

3.) Increased rainfall led to greater share of rain in evapotranspiration rather than streamflow, 20 

while snowfall variation had little effect. 21 

  22 
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Abstract 23 

Understanding the partitioning of snow and rain contributing to either catchment streamflow or 24 

evapotranspiration (ET) is of critical relevance for water management in response to climate 25 

change. To investigate this partitioning, we use endmember splitting and mixing analyses based 26 

on stable isotope (18O) data from nine headwater catchments in the East River, Colorado. Our 27 

results show that one third of the snow partitions to ET and 13% of the snowmelt sustains summer 28 

streamflow. Only 8% of the rainfall contributes to the summer streamflow, because most of the 29 

rain (67%) partitions to ET. The spatial variability of precipitation partitioning is mainly driven by 30 

aspect and tree density across the sub-catchments. Catchments with higher tree density have a 31 

higher share of snow becoming ET, resulting in less snow in summer streamflow. Summer 32 

streamflow did not contain more rain with higher rainfall sums, but more rain was taken up in ET. 33 

Plain language summary 34 

Snowmelt from the Rocky Mountains is crucial for the water supply in the Upper Colorado River 35 

Basin (UCRB). With reduced snowpack and earlier snowmelt due to climate change, it is important 36 

to understand how much of the snow directly contributes to streamflow and how much returns 37 

directly to the atmosphere via evaporation and vegetation use, called evapotranspiration. We 38 

applied a stable isotope mass balance approach to investigate this for nine catchments in the 39 

UCRB. We found that snow sustains not only most the streamflow but also ¾ of the 40 

evapotranspiration. Rainfall was mostly (2/3) lost to the atmosphere through evapotranspiration. 41 

The variation of the snow and rain contributions to streamflow and evapotranspiration were mainly 42 

driven by the catchment aspect and tree density. The findings show that the timing of snowmelt 43 

(influenced by aspect) and plant water use (influenced by tree density) determined how much snow 44 

became streamflow and evapotranspiration. 45 

  46 
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1 Introduction 47 

Mountainous systems are among the most sensitive environments to a warming climate because 48 

of shifts that occur when snowfall is reduced and snowmelt takes place earlier due to higher 49 

temperatures (Hock et al., 2019). Such changes are already observed (e.g., Musselman et al., 2021) 50 

and have been further projected (e.g., Ikeda et al., 2021) for the Rocky Mountains. It is crucial to 51 

understand how snow and rain impact the runoff (Q) and evapotranspiration (ET) dynamics 52 

because of their role in sustaining the water supply in downstream regions (Immerzeel et al., 2020). 53 

Inter-seasonal storage transfer is an important process that needs to be well understood to account 54 

for its potential impacts on ecosystem and anthropogenic water supply due to the interplay of a 55 

highly seasonal water input during snowmelt, the resulting hydrograph peak, and the strong 56 

seasonality of ET fluxes Disentangling how snow and rain partition into Q and ET is critical for 57 

understanding potential ramifications of a low-snow to no-snow future (Woodburn et al., 2021). 58 

While snow is recognized as a key source for the water supply in the Western US (Li et al., 2017), 59 

the relative share of snow versus rain in sustaining vegetation (i.e., ET) and the relative fraction of 60 

snow and rain becoming Q and ET remains currently unclear. Tracer approaches which can track 61 

the fate of rain and snow in mountainous hydrological systems can fill this gap. A strong difference 62 

in the stable isotope ratios (2H and 18O) of snowfall and rainfall enables isotope-based endmember 63 

mixing and splitting analyses (Kirchner and Allen, 2020) to derive the relative share of these inputs 64 

in the Q and ET fluxes (i.e., “mixing”), as well as partitioning of the inputs into Q and ET (i.e., 65 

“splitting”). Here, we apply such isotope mass balance analyses for nine headwater catchments in 66 

the East River, Colorado to address how the partitioning of snow and rain into summer runoff and 67 

ET vary across headwater catchments of contrasting landscape characteristics and in response to 68 

meteorological variation. 69 

2 Methods 70 

2.1 Study sites and data 71 

Our study took place in the East River Watershed and the Coal Creek catchment in the Upper 72 

Colorado River Basin (UCRB) (Hubbard et al., 2018). The lithology of the main stem East River 73 

Watershed is dominated by Cretaceous Mancos shale bedrock with Oligocene quartz monzonite 74 

and granodiorite laccoliths comprising many of the higher elevation peaks. At Coal Creek, the 75 
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underlying bedrock is mainly composed of Cretaceous and Eocene sandstones, mudstones, and 76 

quartz monzonite and granodiorite intrusive rocks (Gaskill et al., 1991; Uhlemann et al., 2022). 77 

The climate in the region is defined as continental subarctic with long, cold winters and short, cool 78 

summers (Dfc, according to Koeppen-Geiger, Peel et al., 2007)). Due to the large elevation 79 

gradient from 2600 to 4380 m a.s.l., meteorological conditions vary strongly within the 80 

catchments. Based on the two SNOTEL sites within the East River, Schofield at 3,261 m a.s.l. and 81 

Butte at 3,097 m a.s.l., the average daily air temperature ranges between -8.3°C in December to 82 

11°C in June at the lower-elevation site with about 1.6°C colder temperatures at the high-elevation 83 

site (Carroll et al., 2018). Precipitation is dominated by snow, accounting for about 70% of 84 

precipitation at Schofield and 66% at Butte. However, annual average precipitation is almost 85 

double at the higher Schofield site (1,200 ± 233 mm/year) compared to the lower- elevation site 86 

Butte (670 ± 120 mm/year) SNOTEL site (Carroll et al., 2018).  87 

Our study includes eight sub-catchments from the East River Watershed as defined in Figure 1, as 88 

well as the Coal Creek catchment. Catchment characteristics vary greatly in their size; average 89 

slope; aspect; average elevation; relief; drainage density; topographic wetness index; tree density; 90 

their share of montane, subalpine, upper subalpine, and alpine life zones; and their share of Mancos 91 

shale or barren land (Suppl. Table 1). Dominant forest cover in the study region is conifer (Spruce‐92 

Fir and Lodgepole Pine) and to lesser extent aspen forest (about 10% of area). With elevation, 93 

grass and forb cover increases, and above 3700 m barren land, defined as rocky outcrops and sparse 94 

vegetation, dominates. The catchment areas range between 2.55 and 85 km2. The dominant aspect 95 

for the western sub-catchments is east, while the eastern sub-catchments are primarily southwest. 96 

Average catchment elevation ranges between 3,148 and 3,513 m a.s.l. and the relief is between 97 

904 and 1,362 m (Suppl. Table 1). 98 

We measured streamflow at each catchment outlet (Carroll et al., 2020a; Carroll and Willlams, 99 

2019) and filled gaps that occurred based on a machine learning approach described in the 100 

supplementary material (Text S1, Newcomer et al., 2022). Since water year 2015, we sampled the 101 

stream water through automatic samplers (Model 3700; Teledyne ISCO, NE, USA) at the 102 

Pumphouse and Coal Creek locations at daily to fortnightly frequency and via manual sampling at 103 

the other catchment outflows on weekly to twice monthly frequency (Williams et al., 2020). 104 

Precipitation was sampled on event basis in the water years 2015 and 2016 and quantified as snow 105 
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or rain (Carroll et al., 2021). To prevent fractionation prior to sample retrieval, bottles were pre-106 

filled with 2‐cm mineral oil to serve as a barrier to evaporation. All samples were filtered through 107 

0.45-µm Polyvinylidene difluoride (PVDF) membrane filters (EMD Millipore Corp.) into 2-mL 108 

septa-capped glass vials and refrigerated until analysis. We measured the isotope ratios of water 109 

(2H & 18O) via off‐axis integrated cavity output spectrometry (Picarro L2130-i or Los Gatos 110 

Research Liquid Water Isotope Analyzer (LWIA)) and report all isotope ratios in δ-notation 111 

relative to the Vienna Standard Mean Ocean Water.  112 

 113 

Figure 1 Location of stream water and precipitation sampling as well as the SNOTEL stations in 114 
the study area. Name, boundaries and elevation distribution of all nine catchments shown. Upper 115 
left insert shows the Upper Colorado Basin (black line) and the East River (star) within the western 116 
US. 117 
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2.2 Analyses 118 

2.2.1 Endmember splitting and mixing analysis 119 

Based on the 18O data in precipitation and streamflow, we applied endmember splitting and 120 

mixing analyses (Kirchner and Allen, 2020).  (Kirchner, 2019). We defined snow (PS) and rain 121 

(PR) as the two endmembers because of their distinct isotopic compositions with weighted averages 122 

of 18OPS = -18.18 and 18OPR = -6.90, respectively (Suppl. Fig. 3). We differentiated the temporal 123 

and catchment specific variations in snow and rainfall based on air temperature variations, 124 

precipitation, and ASO snow depth estimates provided by Carroll et al. (2022a) to estimate PS and 125 

PR volumes. Spatial variation of 18O was accounted for based on a isotope lapse rate of -126 

0.16‰/100 m, derived from weekly sampling of snowfall along an elevation gradient (Carroll et 127 

al., 2022b). We separated the stream water during summer (July, August, and September) and non-128 

summer (October to June) periods as the two output endmembers, QS and QnS, respectively. With 129 

this definition, the snowmelt peak runoff occurred during QnS, while QS covered the hydrograph 130 

recession, including the monsoon season (Suppl. Fig. 4). Precipitation isotope ratios were weighted 131 

by the respective precipitation sums, and the discharge isotope ratios were weighted by the flow 132 

volume at the sampling day. 133 

We conducted the endmember splitting and mixing analyses for all available data from water-years 134 

2015-2020, which when aggregated, approaches the long-term isotope mass balance. We also 135 

conducted the analyses for the individual years for all the catchments that had sufficient stream 136 

water isotope data available. For endmember mixing and splitting analyses, the water balance is 137 

assumed to be closed (Kirchner and Allen, 2020), because it implies that the catchment storage 138 

change is zero and that the ET sum is the difference between precipitation and catchment 139 

streamflow sums. For the inter-annual analyses this assumption might not be valid, so we focus 140 

our interpretation mostly on the long-term analyses. 141 

2.2.2 Statistical analyses 142 

As the catchment characteristics are highly cross correlated (Suppl. Fig. 1), we applied a rotated 143 

principle component analysis to extract four components that represented the variation of the 144 

following catchment characteristics: share of alpine and montane area, respectively, drainage 145 

density, topographic wetness index, catchment area, share of Mancos shale in catchment, average 146 

elevation, relief, average slope, average aspect, and tree cover density (Suppl. Table 1). For each 147 
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of the four relative components, we picked the one catchment character that correlated the most 148 

with the individual components (Suppl. Fig. 2) to be a representative predictor. With these four 149 

representative predictors, we performed a multiple linear regression analysis and derived the 150 

relative importance of them to describe the spatial variance of endmember mixing and splitting 151 

results across the nine catchments. 152 

3 Results: Snow and rain contributions to summer runoff and evapotranspiration 153 

3.1 Spatial variability 154 

Our endmember mixing analyses revealed that across all catchments (average ± standard 155 

deviation) snow provided 85% of total precipitation between 2015 and 2020, and thus was the 156 

dominant water source for QnS (94±3%), QS (90±1%) and ET (74±8%) (Table 1). Therefore, 157 

snowmelt was – relatively to the input volumes– overrepresented in Q and underrepresented in 158 

ET. Conversely, rainfall played a special role in sustaining ET fluxes during the summer. The 159 

fraction of rain and snow in QnS and QS across the catchments was well explained by the multiple 160 

linear regression analyses (r2=0.78 and r2=0.74, respectively) with the average catchment aspect 161 

being the main driver (Figure 2a). In more westerly exposed catchments, QS and QnS typically 162 

contained less rain (QSPR, r=-0.79 and QnSPR, r=-0.88, respectively, Figure 2e,f). This 163 

relationship is due to a greater ET dominance at westerly-exposed hillslopes, were summers are 164 

warmer and thus rain potentially evapotranspires shortly after it falls leading to less rainwater 165 

sourcing for streamflow in western facing catchments. The share of snow and rain in ET (ETPR) 166 

was generally more variable across the catchments. Multiple linear regression described its 167 

variation moderately well (r2=0.63) with tree cover density explaining 34 % of the regression and 168 

aspect and drainage density explaining 27 and 24% of the variability respectively (Figure 2a). In 169 

general, there was a higher share of snow in ET (ETPS) in catchments with higher tree cover 170 

density (r=0.53, p=0.15), which explains much of the inter-catchment variation of the endmember 171 

mixing results. Consequently, QnS and QS had a lower share of snow with increasing tree cover 172 

density. Neither the catchment’s drainage density nor size was a good predictor of the snow and 173 

rain contributions to the outflows.  174 
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Table 1 End member mixing and splitting results (± standard error) for each catchment and the average (±SD) over all nine catchments. 175 
For endmember mixing, only rainfall is shown, as snowfall source is the difference to 100%. Arrows indicate for end-member mixing 176 
the relative share of an endmember (rain or snow) in one of the three defined outflows (summer discharge, QS, non-summer discharge, 177 
QnS, or evapotranspiration, ET) and for end-member splitting the relative share of an endmember (rain or snow) to become one of the 178 
three defined outflows (summer discharge, QS, non-summer discharge, QnS, or evapotranspiration, ET). 179 

 End-member mixing End-member splitting 

 QS←Rain QnS←Rain ET←Rain Rain→QS Rain→QnS Rain→ET Snow→QS Snow→QnS Snow→ET 

Quigley 12 (±4) % 8 (±4) % 18 (±5) % 5% (±2) 24 (±12) % 71 (±4) % 6 (±1) % 43 (±4) % 50 (±5) % 

Rock 13 (±4) % 7 (±4) % 27 (±9) % 6 (±2) % 25 (±15) % 69 (±6) % 7 (±1) % 60 (±6) % 33 (±6) % 

Bradley 4 (±4) % 4 (±4) % 31 (±9) % 4 (±5) % 12 (±13) % 84 (±4) % 18 (±2) % 50 (±4) % 32 (±5) % 

EAQ 10 (±4) % 9 (±4) % 14 (±13) % 12 (±5) % 53 (±25) % 35 (±6) % 13 (±1) % 62 (±6) % 25 (±7) % 

Rustlers 11 (±4) % 6 (±4) % 25 (±17) % 14 (±6) % 35 (±23) % 50 (±6) % 15% (±1) 66 (±6) % 19 (±7) % 

Copper 8 (±4) %  5 (±4) % 38 (±13) % 10 (±5) % 17 (±14) % 73 (±4) % 21 (±2) % 56 (±4) % 23 (±6) % 

EBC 9 (±4) % 6 (±4) % 25 (±6) % 11 (±5) % 14 (±11) % 75 (±3) % 20 (±2) % 40 (±3) % 40 (±4) % 

Coal 10 (±4) % 7 (±4) % 20 (±4) % 4 (±1) % 19 (±13) % 78 (±4) % 5 (±1) % 43 (±4) % 51 (±4) % 

PH 11 (±4) % 6 (±4) % 35 (±11) % 10 (±4) % 20 (±15) % 70 (±4) % 17 (±1) % 59 (±4) % 25 (±6) % 

Avg. 10 (±3) % 6 (±1) % 26 (±8) % 8 (±4) % 24 (±13) % 67 (±15) % 13 (±6) % 53 (±9) % 33 (±12) % 

 180 
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Figure 2 (a) Relative importance of a multiple linear regression (MLR) model to explain 182 
variability of endmember mixing and splitting results. Bold grey numbers indicate regression 183 
parameters with p-values < 0.1. The individual relationships for parameters with significant 184 
correlations are shown in inserts (b to g). The r2 of the regression models explaining the variation 185 
of the endmember mixing and splitting results across the catchments are shown in grey above each 186 
column.  187 

Our endmember splitting results show that most rain was to partition into ET (67±15%, PRET), 188 

while only a small fraction (8±4%) of the summer rainfall became QS (PRQS), and that 24±13% 189 

of rain left the catchments via QnS (PRQnS) (Table 1). In contrast, only 33±12% of snow ended 190 

up as ET (PSET) while most of the snow became QnS (53±9%, PSQnS) and to lesser extent QS 191 

(13±6%, PSQS).  192 

Vegetation cover provided a primary control on the differences in endmember splitting across the 193 

catchments. Our results show that tree cover density accounts 78% relative importance in a 194 

multiple linear regression describing how much of rainfall partitions to QS across the different 195 

catchments (Figure 2a,b). The share of rain becoming QnS was mainly determined by the catchment 196 

aspect and the catchment size, but the predictive power of the multiple linear regression model 197 

was low (r2=0.33), which makes interpretations uncertain. The coefficient of determination was 198 

also low for the regression analysis to explain the variation in the fraction of rainfall becoming ET 199 

(r2=0.28) across catchments. Aspect accounted for most (52%) of the relative importance in this 200 

regression, and tree cover density and catchment size 24% and 21%, respectively, while drainage 201 

density did not play a role (Figure 2a).  202 

The multiple regression models for the spatial variation of the snow endmember splitting showed 203 

much better coefficients of variation than for the rainfall splitting. The share of snow that became 204 

QS was well described (r2=0.93) with tree cover density as the most important predictor (53%) and 205 

average aspect explaining 33% of the variation. With increasing tree cover density, snow was less 206 

likely to become QS (r=-0.82, Figure 2c), because more snow ended up in ET (r=0.72, Figure 2d). 207 

Therefore, tree cover density was the most important predictor (69%) in the regression model 208 

explaining the variability of snow becoming ET. Aspect played a secondary role for the snow 209 

contributions to QnS (r=0.68, Figure 2g). Drainage density explained some of the variability in 210 

snowfall becoming QnS, however, this correlation was weak and not statistically significant. 211 
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In addition to the catchment characteristics, hydrometeorological variations across the catchments 212 

also impacted the endmember mixing and splitting results. We found that as ET magnitude 213 

increases, a greater percentage of that ET was sourced from snow (significant for 2015, 2016, 214 

2019, 2020, Figure 3a), a result explained by belowground snowmelt storage subsiding 215 

summertime ET during precipitation limited conditions. This dependency of ET on snowmelt 216 

contributions was further supported by the observed trend that in catchments with more snowfall, 217 

more of the snow became ET during low-snow years (2015, 2016, 2018, Figure 3b). 218 

In general, higher ET in catchments led to a greater percentage of snow becoming ET (Figure 3g), 219 

and less snow ending up in QnS (Figure 3e) which underlies the importance of snow sources and 220 

spatial variability for ET fluxes. There was no correlation between the rainfall contributions to ET 221 

and inter-annual variation of ET sums, which shows that most of the rainfall was generally – 222 

independently of the evaporative demand – becoming ET. The importance of monsoon rains in 223 

sustaining QS was also documented: catchments with higher rainfall sums not only resulted in 224 

higher QS, but also resulted in more snow becoming QS (Figure 3d) which indicated that snow 225 

stored in the subsurface was mobilized by summer rainfall and thus contributing to summer 226 

streamflow. Outside of summers, more of QnS was sourced by snow as flow increased (Figure 227 

3f). 228 
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 229 

Figure 3 Endmember mixing (a – c) and endmember splitting (d – h) results as a function of 230 
hydrometric data: annual sums of evapotranspiration (ET), snowfall (PS), rainfall (PR), and non-231 
summer streamflow (QnS). Shown are results from individual catchments and years (circles and 232 
color coded) as well as median values across all catchments for individual years (diamonds). 233 
Correlation coefficients are given in the legend and bold font indicates significant correlations 234 
(p<0.05). Circles represent variability across catchments for individual years and diamonds 235 
represent variability between different years averaged over the catchments. 236 
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3.2 Temporal variability 237 

The spatial relationships between endmember mixing and splitting results and catchment 238 

characteristics were relatively constant in time (see half-transparent circles in Figure 2 b-g). 239 

However, there are inter-annual dynamics in the partitioning that stem from the 240 

hydrometeorological conditions. For example, in years with higher PR, more ET was sourced from 241 

rain (r=0.99, Figure 3c). Endmember splitting further showed that there was also a trend of more 242 

rainfall becoming ET as rainfall and ET increased (r=0.63, p=0.18 and r=0.73, p=0.10, 243 

respectively), leaving less rain to support streamflow. Wetter years with higher QnS resulted in 244 

more snow becoming QnS (Figure 3f) and a lower fraction of snow ended up as ET (Figure 3h).  245 

Not surprisingly, there was a trend towards more snow in both QS and QnS (r=0.77, p=0.08 and 246 

r=0.75, p=0.09, respectively) for years with higher SWEmax, but the splitting of snow into ET and 247 

Q was independent of the annual SWEmax.  248 

4 Discussion  249 

Similar to the initial endmember splitting and mixing work by Kirchner & Allen (2020) for the 250 

humid Watershed 3 at Hubbard Brook Experimental Forest, our analyses shows that inter-seasonal 251 

water storage is an integral part of storage and release of water in headwater mountainous 252 

catchments. However, the snow dominance of the water balance in the UCRB and the resulting 253 

hydrograph led to different precipitation partitioning dynamics than for Hubbard Brook.  254 

Our multi-catchment approach permitted inference of controls on the spatial variability in 255 

precipitation partitioning in mountainous regions. We found that aspect and tree cover density 256 

were the main driver of the spatial variability. More SW exposed catchments had a higher share 257 

of snow in their streamflow, which cannot be explained by spatial variation in snow, because SW 258 

exposed catchments had lower snowpack volumes than the NE exposed ones (Carroll et al., 259 

2022a). Thus, the influence of aspect on the snowmelt timing and the consequences for the runoff 260 

generation and the timing of the transpiration onset seems to govern the partitioning. As more of 261 

the snowmelt happens earlier in catchments with more hillslopes exposed to the SW, the snowmelt 262 

drains towards the stream and groundwater and is therefore less likely to get evapotranspired 263 

(Barnhart et al., 2016; Molotch et al., 2009). By the time snowmelt happens at NE exposed 264 

hillslopes evapotranspiration rates are already higher, which then changes the partitioning of the 265 
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snow towards higher losses via ET. The variability in rain and snow partitioning has implications 266 

for critical watershed functions, such as water delivery, drought resilience, and nitrogen export, 267 

and our results help to explain potential sources and mechanisms of these observed functions 268 

(Newcomer et al., 2021; Wainwright et al., 2022). 269 

Our tracer based results for head-water catchments indicate that 90% of runoff is sourced by snow, 270 

which is the upper limit of the water balance based estimates for various locations across the 271 

western US (Li et al., 2017). Specifically for the East River, our findings corroborate hydrologic 272 

modeling results that showed that most rain gets evapotranspired, and little rain becomes runoff to 273 

the East River (Carroll et al., 2020b). Our estimate of ~7% of total Q stemming from rain for the 274 

East River at Pumphouse is within the range of modeled estimates (~10%, Carroll et al., 2020b). 275 

Our findings support ET source water estimates from particle tracking simulations, which 276 

indicated that ET of a forested hillslope in the East River catchment was to large parts sourced by 277 

snowmelt (Maxwell et al., 2019). Their simulations indicated that between Mid-June to September, 278 

rainfall became a more important ET source, which aligns with our finding that most of the rainfall 279 

is evapotranspired. The importance of snow for transpiration is further supported by isotope-based 280 

plot-scale ecohydrological studies in the East River (Berkelhammer et al., 2020) and across 281 

Switzerland (Allen et al., 2019). Berkelhammer (2020) showed that rain becomes a more important 282 

plant water source as it infiltrates into the shallow soil layers and is subsequently taken up by trees 283 

in the later growing season. While these isotope studies and tracer-based modeling work 284 

(Brinkmann et al., 2018; Sprenger et al., 2018) at the plot-scale indicated that trees take up 285 

relatively old (e.g., snowmelt) water, our catchment-wide isotope water balances revealed that 286 

these ecohydrological processes are generally relevant for storage and release of water at the 287 

catchment scale. Our findings underlie both the importance of snow water uptake by plants and 288 

also the quick turnover time of rainfall becoming ET, as two-thirds of the rainfall was 289 

evapotranspired according to our endmember splitting analyses.  290 

Due to ecohydrological feedbacks between subsurface water storage and root water uptake, 291 

vegetation cover played a crucial role in our study to explain partitioning of snow and rainfall into 292 

Q and ET. We infer that with higher tree cover density, the rooting system will be more efficient 293 

in extracting potentially deeper soil layers where snowmelt is being stored during the summer, 294 

sustaining the summertime evaporative demand. Carroll et al. (2018) found that the groundwater 295 
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fraction in the streamflow decreases with tree cover density across East River catchments. Since 296 

snow is the main source of groundwater recharge in the East River, our results support the finding 297 

that snow contributions to runoff decreases with tree cover density. Our multi-year analysis shows 298 

that this relationship between tree cover density and runoff processes is relatively constant in time. 299 

A low-to-no-snow future in which the water deficit is not compensated by increased rainfall would 300 

therefore pose a potential drought stress for plants, higher risk of fires, and changes to water and 301 

chemical exports that are currently adapted to inter-seasonal water storage (Newcomer et al., 302 

2021). 303 

The higher share of snow in ET with increased ET sum that we observed can explain the “drought-304 

paradox” (Teuling et al., 2013), that ET increases during drought periods. Since ET is sourced in 305 

large part (60 – 80 %) from snow in the UCRB, a dry summer with reduced monsoon rainfall will 306 

have relatively little impact on ET rates. Conversely, greater monsoon rains during summer may 307 

result in a higher fraction of PR partitioning to ET, which lowers snow water losses to the 308 

atmosphere and potentially helps retain subsurface storage. However, an increased ET flux leads 309 

to a higher share of snow in ET, which can cause a strong water deficiency in a warmer low-snow 310 

to no-snow future with increased ET demand (Milly and Dunne, 2020; Woodburn et al., 2021). 311 

Our endmember mixing and splitting results highlight that climate projections will need to account 312 

for ecohydrological interactions between shifts in snow volumes, the timing of melt and the 313 

resulting soil and bedrock moisture dynamics that impact plant water use during climatic extremes 314 

(e.g., Mastrotheodoros et al., 2020). Despite uncertainties associated with the spatial and temporal 315 

variability in snow and rain volumes and stable isotope ratios (Carroll et al., 2022a), these two 316 

endmembers are isotopically strongly dissimilar, and thus, the observed patterns have been 317 

consistent both in space (across the catchments) and in time (individual years and long-term mass 318 

balance). Endmember mixing and splitting has therefore shown to be highly informative for 319 

catchment scale processes, which helps benchmark hydrological models and assess sources and 320 

mechanisms for changing watershed conditions. 321 

5 Conclusion 322 

Our results show how stable isotopes of water can inform our perspective of catchment scale 323 

hydrological partitioning and mass balance components in snow-dominated mountainous regions. 324 

Observed partitioning of snow and rain into either ET or summer and non-summer Q highlighted 325 
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the importance of snowmelt contributions to catchment storage that sustain not only the seasonal 326 

streamflow, but also evaporative demand in the vegetated headwaters. Variability across the nine 327 

catchments showed the influence of vegetation on mixing and splitting, as higher tree cover density 328 

resulted in higher snow water loss to the atmosphere and less snow contributing to streamflow. 329 

Two-thirds of the summer rainfall was evapotranspired, while only ~10 % of the summer 330 

streamflow was from rainfall. We therefore conclude that in a future low-snow mountain 331 

environment, the evaporative demand of the forested catchments will only be met with a 332 

pronounced increase in rainfall to overcome water scarcity for ecosystem and anthropogenic use. 333 

Our catchment scale isotope mass balance work can help upscale plot-scale observations and test 334 

hydrological models, which will improve mechanistic process representation of rain/snow 335 

partitioning under future climate regimes. 336 
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