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Abstract

In mountainous river basins of the Pacific Northwest, climate models predict that

winter warming will result in increased precipitation falling as rain and decreased

snowpack. A detailed understanding of the spatial and temporal dynamics of water

sources across river networks will help illuminate climate change impacts on river

flow regimes. Because the stable isotopic composition of precipitation varies geo-

graphically, variation in surface water isotope ratios indicates the volume-weighted

integration of upstream source water. We measured the stable isotope ratios of sur-

face water samples collected in the Snoqualmie River basin in western Washington

over June and September 2017 and the 2018 water year. We used ordinary least

squares regression and geostatistical Spatial Stream Network models to relate sur-

face water isotope ratios to mean watershed elevation (MWE) across seasons. Geo-

logic and discharge data was integrated with water isotopes to create a conceptual

model of streamflow generation for the Snoqualmie River. We found that surface

water stable isotope ratios were lowest in the spring and highest in the dry, Mediter-

ranean summer, but related strongly to MWE throughout the year. Low isotope

ratios in spring reflect the input of snowmelt into high elevation tributaries. High

summer isotope ratios suggest that groundwater is sourced from low elevation areas

and recharged by winter precipitation. Overall, our results suggest that baseflow in

the Snoqualmie River may be relatively resilient to predicted warming and subse-

quent changes to snowpack in the Pacific Northwest.
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1 | INTRODUCTION

Climate change is projected to alter river hydrology across the Pacific

Northwest. Within this region, the majority of precipitation occurs

between October and March. Winter hydrology is therefore governed

by the timing and form of precipitation, and summer hydrology is

governed by snowpack melt and groundwater discharge. Seasonal

asynchrony between precipitation largely occurring during winter and

summer water demand makes water supplies scarce and vulnerable

(Jaeger et al., 2013). Climate models predict an exacerbation of this

vulnerability (Elsner et al., 2010; Hamlet et al., 2010). Substantial win-

ter warming will lead to increased precipitation falling as rain,

decreased amount and earlier onset of snowmelt, and increased

evapotranspiration (Nolin & Daly, 2006; Stewart et al., 2005).

Pacific Northwest rivers with both significant winter rain and

spring snowmelt, referred to as transient basins, are particularly cli-

mate sensitive and expected to experience substantial changes in the

timing of runoff and streamflow (Vano et al., 2015; Wu et al., 2012).

However, the impacts of climate induced changes to seasonal

streamflow will be mediated by subsurface drainage processes that
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translate water inputs into streamflow, such as the capacity for the

landscape to retain and release precipitation as groundwater.

Although several studies have predicted future streamflow based on

climate mediated shifts in precipitation and snowpack regimes, few

have highlighted the role of underlying geology in controlling hydro-

logic responses to climate change (Mayer & Naman, 2011; Safeeq

et al., 2013; Tague & Grant, 2004, 2009). Furthermore, much of river

management occurs at localized scales, and therefore demands an

understanding of within basin spatial patterns of climate and geologic

influence on streamflow processes. To identify streamflow vulnerabil-

ity in a changing climate, approaches that take into account both cli-

matic and geologic controls on water source are needed.

Previous approaches used to understand and assess climate risk

have predominately relied on large, physically based runoff models

coupled with general circulation models or statistical hydrologic classi-

fication schemes based on physical attributes or discharge metrics.

Coupled climate-hydrology models have the benefit of simulating

hydrologic processes under multiple climate scenarios and explicitly

forecasting future hydrographs; however, many either do not explic-

itly simulate streamflow contributions from deep groundwater or

approximate deep groundwater by extended soil profiles (Vano

et al., 2010; Wenger et al., 2010). This can underestimate or inaccu-

rately characterize groundwater contribution to streamflow and bias

subsequent estimations of streamflow vulnerability (Safeeq, Mauger,

et al., 2014). Statistical hydrologic classification approaches either

classify locations according to attributes describing interactions of cli-

mate, geomorphology, and geology (Safeeq, Grant, et al., 2014;

Tague & Grant, 2004; Wigington et al., 2013) or utilize emergent

properties of discharge time series (Olden et al., 2011; Reidy Liermann

et al., 2011; Wolock et al., 2004). Limitations of classification include

poor data quality (e.g., soil and bedrock geology), incomplete under-

standing of hydrologic processes (e.g., groundwater–surface water

connectivity), limited spatial coverage of stream gauges mostly

restricted to large, downstream tributaries, and variable quality and

quantity of discharge data available for each gauge (Kennard

et al., 2009; Ruhi et al., 2018). Although physically based hydrology

models and hydrologic classification provide a useful framework for

expected streamflow behaviour and advance our ability to make pre-

dictions in unmonitored catchments, additional tools for understand-

ing future streamflow will help address uncertainty around these

approaches. For example, an understanding about spatial and tempo-

ral dynamics of where water originates in a basin will inform mecha-

nisms of runoff generation and aid in predictions of where and how

streamflow patterns are likely to shift.

A number of studies have used spatial variation in stable isotopes

of input precipitation (Bowen et al., 2011) or in surface water across a

basin (Brooks et al., 2012; Nickolas et al., 2017) to draw insights about

variation in river water sources throughout the year. Water stable iso-

tope ratios exhibit systematic spatial and temporal variation resulting

from the process of isotope fractionation that accompanies water

cycle phase changes and diffusion (Araguas-Araguas et al., 2000;

Gat, 1996). An example of this process is the Rayleigh rainout effect,

wherein progressive isotopic depletion of a vapour cloud occurs as it

moves along its storm trajectory. Rayleigh rainout occurs because

heavy isotopes preferentially fall as precipitation (Clark & Fritz, 1997;

Dansgaard, 1964). As a result, both precipitation and surface water

isotopic ratios of oxygen and hydrogen, expressed as δ18O and δ2H,

are highly correlated with changes in elevation, latitude, and longitude

(Dutton et al., 2005; Ingraham & Taylor, 1991; Lechler & Niemi, 2011;

Yonge et al., 1989), although the strength and presence of these rela-

tionships can vary among river basins due to local processes such as

evaporation (Bowen & Good, 2015).

Previous work has shown that river water isotopes in windward

basins draining the Cascade Range display a strong elevation gradient

(Brooks et al., 2012; McGill et al., 2020). Here we explore how this

elevation gradient can be used to understand how various portions of

the watershed contribute to flow seasonally throughout a mid-size

river basin and what the implications of source variation are for river

flow dynamics in the future. We aim to understand potential water-

shed vulnerability to changes in precipitation type, timing, and loca-

tion through understanding how water sources change seasonally and

impact water supply across one river network. Specifically, our objec-

tive was to characterize spatial and temporal isotopic variation of sur-

face waters within the Snoqualmie River, Washington to understand

the vulnerability of river flow to source water dynamics across space

and time. To complete this objective, we (1) measured and modelled

surface isotope ratios across a network of sampling stations through-

out the year, and (2) developed a conceptual framework of

streamflow generation to understand how changing water storage

reservoirs (e.g., snow and groundwater) contribute to streamflow.

2 | METHODS

2.1 | Study site

The Snoqualmie River drains a 1813 km2 watershed on the west side

of the Cascade Range, Washington (Figure 1). Major tributaries to the

Snoqualmie River are the North Fork, Middle Fork, South Fork, Tolt

River, and Raging River (Table 1). Headwaters lie primarily in forested

public land. After the convergence of the North, Middle, and South

Fork Rivers, the Snoqualmie River flows over Snoqualmie Falls then

runs through a wide floodplain dominated by agricultural, residential,

and commercial land use. The Snoqualmie River is home to ecologi-

cally and economically important runs of Coho, Chinook, pink, chum

and steelhead salmon, including Endangered Species Act (ESA) listed

Chinook and steelhead salmon. A dam and reservoir on the Tolt River

provide approximately 30% of Seattle's drinking water.

The Snoqualmie River has a humid Mediterranean climate with

dry summers and wet, mild winters influenced by its proximity to the

Pacific Ocean (Figure 2). Precipitation occurs predominately from

October to March. Precipitation isotope patterns were inferred from a

15-year record of precipitation isotopes collected in Corvallis, Oregon

from 2003 to 2018 that represents the only available long-term pre-

cipitation stable isotope time series in a location with a similar climate

to the Snoqualmie basin. Precipitation weighted means of weekly
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F IGURE 1 The Snoqualmie River basin and sub-basins, and the Snoqualmie's location in Washington, USA (a), water sample, USGS gage, and
SNOTEL site locations (b), elevation of the Snoqualmie basin (c), and generalized geology of the Snoqualmie basin (d)

TABLE 1 Watershed characteristics for the Snoqualmie River and each of its major tributaries

Subwatershed

Drainage
area
(km2)

Mean
watershed
elevation (m)

Relief
(m)

Mean annual
precipitation
(cm)

Mean
slope
(%)

Proportion
of basin
>900 m

Proportion of
basin w/bedrock
geology

Precip.
weighted
elevation (m)

Mainstem 1781 637 2295 236 36.3 0.34 0.49 781

Middle Fork 442 988 2176 325 58.0 0.65 0.77 1043

South Fork 218 814 1771 267 44.1 0.46 0.65 890

North Fork 268 869 1667 281 47.9 0.53 0.71 919

Tolt 263 610 1801 217 33.9 0.25 0.46 710

Raging 84 442 1035 196 21.7 0.00 0.31 472

Note: The “snow zone” in the Snoqualmie is considered to be areas greater than 900 m (Jefferson, 2011). Mean annual precipitation was calculated over

the period 1980–2010.
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precipitation isotopes do not show evidence of variation with season

(ANOVA p > 0.1), although summer precipitation values are character-

ized by the lowest values of d-excess. The coldest month is typically

January, whereas the warmest is July. The Snoqualmie River has a

mixed rain-snow hydrology, with both substantial winter rain and

spring snowmelt. The strong elevational temperature gradient controls

the phase of precipitation. Areas of the basin below 300 m receive

winter rain, while seasonal snow accumulates in areas above 900 m

(Jefferson, 2011). Intermediate elevations (300–900 m) are occupied

by a transient snow zone, where snow falls and melts more than once

per winter (Table 1).

Geology of the Snoqualmie River basin includes parts of two

major physiographic provinces: the Puget Lowland and the Middle

Cascade Range (Buffington et al., 2003; Figure 1). In the lowland por-

tion of the watershed, geology and topography are primarily products

of repeated continental glaciations. Glacial and interglacial deposits

underlay the Snoqualmie and Tolt Valleys (Bethel, 2004). In the alpine

area, much of the ground surface is directly underlain by bedrock, and

the bedrock units do not contain significant fracture systems

(Bethel, 2004; Debose & Klungland, 1983; Goldin, 1973, 1992;

Nelson, 1971; Turney et al., 1995).

2.2 | Data collection

We collected water samples across 49 sites within the Snoqualmie

River basin during June 2017, September 2017, November 2017,

February 2018, May 2018, June 2018 and September 2018 for a total

of 364 samples (Figure 1). Sampling dates represent five major hydro-

logic periods: fall wet-up (November), winter wet period (February),

F IGURE 2 Climatic time series over our study period. Mainstem Snoqualmie River discharge from USGS station 12149000 (a), total daily
incoming precipitation from SNOTEL site 908 (b), snow-water-equivalent (SWE) from all SNOTEL sites within the basin (c), and mean daily air
temperature from SNOTEL site 908 (d). The ticks on the x-axis are the median date of our whole basin, seasonal sampling events
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spring snowmelt (May), early summer (June), and summer lowflow

(September). Sampling sites within the basin were selected to include

a mix of mainstem and tributary locations and to span the elevation

range found within the basin. We also collected biweekly water sam-

ples at the outlet of each major tributary and the Snoqualmie

mainstem for a total of 181 samples (Figure 1). Sampling sites were

selected to coincide with a long-term water temperature monitoring

program described in Steel et al. (2016). Seasonal samples were col-

lected to understand basin-scale patterns in isotope ratios throughout

the year whereas biweekly samples were collected to understand fine

scale temporal patterns of source water change within each major

tributary. Water samples were collected within wading distance from

the stream edge, but in flowing current. Samples were collected in

20 mL vials with conical plastic cap inserts to prevent evaporation,

and duplicates were collected for every 20th sample.

Water isotopes analysis was performed on a Laser Absorption

Water-Vapour Isotope Spectrometer (Model 908-0004, Los Gatos

Research, Mountain View, CA) located at the Integrated Stable Iso-

tope Research Facility at the Pacific Ecosystems Systems Division of

the Environmental Protection Agency, Corvallis, Oregon. Samples

were run under high precision analysis mode using a 10 μl syringe for

a total of six injections per sample, with the first three discarded to

eliminate memory effects. All δ2H and δ18O values were expressed

relative to Vienna-Standard Mean Ocean Water (V-SMOW) using δ

notation:

δ2Hor δ18O=
Rsample

Rstandard
−1,

where R is the ratio of 2H to 1H atoms or 18O to 16O atoms and the

standard V-SMOW. Values were reported in parts per thousand (‰)

by multiplying by 1000. Samples were calibrated to the VSMOW-

SLAP scale using three laboratory standards spanning the range of

sample values and calibrated annually to the IAEA certified standards.

In addition, a separate QC standard was used to independently check

the calibration and determine accuracy. Accuracy was 0.06 ± 0.11‰

for δ18O and 0.1 ± 0.27‰ for δ2H over the sample sets analyzed for

this study. Measurement precision estimates (±1 standard deviation)

were determined on repeated measures of both field and lab dupli-

cates and were 0.11‰ for δ18O and 0.25‰ for δ2H. Samples that

experienced significant evaporation prior to sample collection

(e.g., water impounded by beaver ponds) may not reflect the spatial

pattern of input precipitation and so were removed from analysis.

Based on d-excess variance in Corvallis precipitation isotope data, we

removed 14 samples with d-excess values below 5‰, all in low gradi-

ent rivers sampled in spring and summer.

Watersheds for each sampling point were delineated and land-

scape variables describing the watersheds were derived from com-

monly available geostatistical products. Watershed area and mean

watershed elevation (MWE), watershed relief, and proportion of

area above 900 m were calculated using the National Elevation

Dataset, a 30-m resolution digital elevation model (Gesch

et al., 2018). Mean watershed 30-year average mean annual

precipitation (MAP) and precipitation weighted mean elevation for

the period 1981–2010 were calculated (Hill et al., 2015). Geologic

information was collected from the Washington DNR Division of

Geology and Earth Resources (Frizzell et al., 1984; Tabor

et al., 1993; Yount & Gower, 1991). Detailed lithology of the

Snoqualmie basin was summarized into three major groups, bedrock,

glacial, and recent lithology, based on the classification scheme of

Bethel (2004). Precipitation, snow water equivalent (SWE), and air

temperature were collected from four Snowpack Telemetry

(SNOTEL) stations within or extremely close to the Snoqualmie

basin (USDA Natural Resources Conservation Service, 2020). We

obtained daily annual streamflow data from the U.S. Geologic Sur-

vey (USGS, 2001) and the King County Hydrologic Information Cen-

ter for 11 sites within the Snoqualmie basin having data for the

2017 and 2018 water year (Figure 1).

2.3 | Analysis

Two modelling approaches were used to understand how the relation-

ship between MWE and stream water isotope ratios varied through

time. We first used ordinary least squares regression to fit a linear

model with MWE to δ18O and δ2H for each month separately, and

then with month as a factor to determine if slopes were statistically

different from one another. Slopes, intercepts, and R2 values were

compared among models. We further modelled the spatial relationship

between δ2H and MWE using a class of geostatistical models, spatial

stream network models (SSNMs), which account for spatial dependen-

cies across stream networks (Ver Hoef & Peterson, 2010). As δ18O

and δ2H values are highly correlated (Clark & Fritz, 1997), SSNM

regression analyses considered only δ2H values. SSNMs are similar to

conventional linear mixed models in that the deterministic mean of

the dependent variable is modelled as a linear function of explanatory

variables; however, the assumption of independent errors is relaxed

and an autocovariance model is used to account for spatial autocorre-

lation in the errors (Peterson & Ver Hoef, 2010; Ver Hoef et al., 2006;

Ver Hoef & Peterson, 2010). We compared slopes and variance

decomposition results from these SSNMs.

We also visualized spatial autocorrelation in model residuals

using semivariograms. Semivariograms depict how semivariance, or

average variation between measurement values separated by some

distance, changes in relation to the distance separating them. Low

semivariance values indicate that sample pairs within some distance

are similar, whereas high values indicate dissimilar sample pairs. We

displayed and compared two measures of distance between points:

flow-connected distance (a network-based measure) and Euclidean

distance (a straight-line measure). Semivariance was calculated using

the robust estimator (Cressie, 1993). We estimated the semi-

variogram at lag distances whose bins contained greater than

10 site-pairs and that were less than half the maximum flow-

connected distance between sites (Zimmerman & Ver Hoef, 2017).

We examined semivariograms to visualize dependencies in residuals

from linear models that include MWE as a covariate. Semivariograms
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were compared to one another to identify scales of spatial autocor-

relation (Brennan et al., 2016; McGuire et al., 2014).

We also examined the relationship between streamflow, geology,

and water source. For each streamflow gaging station, we calculated

two streamflow statistics based on the period of record to character-

ize individual stream hydrology: unit discharge at baseflow and base-

flow index. Unit discharge at baseflow, or specific discharge, was

calculated by dividing average streamflow for the month of

September by the upstream contributing area for each gage location

(Floriancic et al., 2019; Tague & Grant, 2004). Baseflow index is the

ratio of annual baseflow to total streamflow and it represents the con-

tribution of groundwater to river flow (Beck et al., 2013;

Smakhtin, 2001). Baseflow unit discharge and baseflow index were

calculated for both the 2017 and 2018 water years. For each

streamflow gaging station, we also identified the seasonal isotope

sampling location closest to each site and calculated two isotope sta-

tistics to characterize water source: water source variability and base-

flow isotope value. Water source variability is the standard deviation

of all δ2H values from a site and reflects how water sources shift

throughout the year (δ2HSD). Baseflow isotope value is simply the

September δ2H value from a site, which varies with the mean eleva-

tion of source water at that time and place. Water source variability

was calculated as one value across our sampling period, whereas the

baseflow isotope value was calculated separately for September 2017

and 2018. We examined the relationship between baseflow index and

water source variability and baseflow unit discharge and baseflow iso-

tope value and the relationships between generalized geology, unit

discharge, and baseflow index for each gage site.

F IGURE 3 Relationships with MWE
for d-excess (a), δ18O values (b), and δ2H
values, (c) for all seasonal sampling
events. Colour indicates the month that
each water sample was collected. For
September and June, there are two sets
of sampling events shown (2017 and
2018), with 2017 having a faded colour
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All data analyses were conducted in R (http://cran.r-project.org)

using the Spatial Stream Network (SSN) and lfstat packages (Koffler

et al., 2013; Ver Hoef et al., 2014) and the Spatial Tools for the Analy-

sis of River Systems (STARS) toolbox in ArcGIS 10.6 (Peterson & Ver

Hoef, 2014).

3 | RESULTS

3.1 | General patterns in isotope ratios

Drainage areas of seasonal sampling sites ranged in size from

3–1780 km2. Surface water isotope ratios for all seasonal samples

within the Snoqualmie ranged from −13.7 to −8.7‰ for δ18O and

from −98.4 to −63.9‰ for δ2H over the sampling period (Figure 3).

Samples with d-excess values substantially below 10‰ have

been likely influenced by evaporation since falling as precipitation.

Most surface water samples fell on the Global Meteoric Water Line

(GMWL) indicating no evaporative influence (Figure S1). D-excess

values ranged from −3.75 to 14.74‰ over the course of the year.

Low elevation sites, such as those found in the Raging, Tolt, and

Mainstem Snoqualmie tended to have the lowest d-excess values,

regardless of season (Figure 3).

3.2 | Relationships between isotope ratios
and MWE

δ18O and δ2H values of water decreased linearly with MWE, although

the strength of the relationship is stronger for δ18O. R2 values from

regressions of seasonal samples for individual months range from 0.77

to 0.87 for δ18O and from 0.71 to 0.82 for δ2H (Figure 3; Table 2).

When all months were considered simultaneously, R2 values were

0.73 for δ18O and 0.65 for δ2H. R2 values increased to 0.83 for δ18O

and 0.77 for δ2H when month was included as a factor in the linear

regression because slopes varied significantly among months.

The relationship between MWE and isotope ratios changed

through time (Figure 3). Slopes for isotope-MWE relationships were

smallest in November (−1.9‰ km−1, −11‰ km−1) and February

(−2.1‰ km−1, −13‰ km−1; Table 2) for δ18O and δ2H, respectively.

Slopes in May (−3.3‰ km−1, −22‰ km−1) and June (−2.8‰ km−1,

−17‰ km−1) were the largest for δ18O and δ2H, respectively. Slopes

for δ18O and δ2H in September were intermediate (−2.3‰ km−1,

−14‰ km−1). Sites below 550 m had little relationship between

MWE and isotope ratios. We did not observe any clear seasonal varia-

tion in d-excess (Figure 3).

To examine how spatial autocorrelation impacted the relationship

between MWE and isotope ratios, we compared model fit and vari-

ance decomposition for SSNMs for δ2H isotope ratios for each month.

Proportion of variation explained by spatial structure is fairly consis-

tent among months, ranging from 15–30%. All SSNMs had better pre-

dictive ability than non-spatial models, with R2 values ranging from

0.86 to 0.94 (Table 3).

Spatial dependencies within the Snoqualmie basin varied with

month for δ2H residuals after accounting for effects of MWE

(Figure 4). For the Snoqualmie basin residual δ2H values, semivariance

for Euclidean distance (i.e., the straight line distance between all sites)

and for flow-connected sites (i.e., the network distance between sites

that share flow) increased rapidly and linearly before levelling off

around 10 km for May 2018 and June 2017 and 2018 and around

25 km for September 2018. This change in semivariance suggests that

residuals from sites beyond 10 or 25 km apart were uncorrelated,

whereas residuals from sites closer together were more highly corre-

lated with one another after accounting for effects of MWE.

November 2018, February 2018, and September 2017 overall had

much smaller semivariance values that do not observably level off

indicating that basin δ2H residuals are overall more similar.

3.3 | Seasonal variance in isotope ratios

Surface water isotope ratios varied seasonally in all surface water

sampling sites, but low elevation (LE) sites (below 550 m) and high ele-

vation (HE) sites (above 550 m) had distinctly different patterns

(Figure 5). For both LE and HE sites, isotope values were highest in

September (δ2HLE = −70.3 ± 1.2‰, δ2HHE = −78.6 ± 3.9‰) at the

end of the long dry summers. Isotope ratios declined with winter pre-

cipitation inputs and were lowest at LE sites in February

TABLE 2 Model fit statistics from linear regressions with mean watershed elevation (MWE) in the Snoqualmie River basin

δ18O δ2H

R2 Coefficient (SE) Intercept (SE) R2 Coefficient (SE) Intercept (SE)

November (n = 48) 0.81 −0.0019 (0.00019) −9.98 (0.14) 0.81 −0.011 (0.0011) −71.74 (0.81)

February (n = 45) 0.87 −0.0021 (0.00014) −10.16 (0.099) 0.77 −0.013 (0.0012) −73.03 (0.84)

May (n = 47) 0.84 −0.0033 (0.00026) −9.26 (0.19) 0.82 −0.022 (0.0021) −66.26 (1.56)

June (n = 90) 0.83 −0.0028 (0.00018) −9.29 (0.13) 0.78 −0.017 (0.0014) −68.10 (0.96)

September (n = 92) 0.77 −0.0023 (0.00018) −9.24 (0.13) 0.71 −0.014 (0.0013) −66.05 (0.96)

All months 0.73 −0.0025 (0.00012) −9.50 (0.82) 0.65 −0.015 (0.00088) −68.49 (0.63)

All months (with month as a factor) 0.83 −0.0025 (0.000095) −9.95 (0.10) 0.77 −0.015 (0.00071) −71.15 (0.79)

Note: Units for the coefficients are ‰/m. Numbers in parentheses are the standard error (SE) for model parameters.
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(δ2HLE = −77.7 ± 0.8‰). However, HE sites continued to decline and

were lowest in May (δ2HHE = −87.9 ± 5.7‰), while LE isotopic values

increased in May causing May to have the greatest variability

observed across sites. By June, isotopic ratios at all sites had

increased.

Outlets of major tributaries and the mainstem sampled biweekly

show similar seasonal patterns (Figure 6). Sites with a substantial pro-

portion of the basin above 900 m (Table 1), including the Mainstem,

North Fork, Middle Fork, and South Fork, showed a decrease in iso-

tope ratios beginning in late April through May. Although little precipi-

tation occurred after May, discharge remains relatively high, as

compared to the low elevation tributary (Raging). The drop in isotopic

ratios and sustained flow in these tributaries likely reflects the input

of snowmelt. For all sites except the regulated Tolt, isotope ratios

increase throughout the summer as flow drops to its lowest annual

value and with little new precipitation falling. The increase began in

January for the Raging and in May after the spring freshet for the

Mainstem, North Fork, Middle Fork, and South Fork. In addition to

broad seasonal patterns, two basin-wide shifts in surface water iso-

tope ratios occurred during storm events. The first occurred on

December 30th, 2017 and resulted in a decrease in isotope ratios

ranging from 3.1–6.2‰. The second occurred on November 6th,

2018 and resulted in an increase in isotope ratios ranging from

3.3–10.5‰ compared to the previous sampling event.

3.4 | Relationships between discharge and geology

Baseflow index for all sites ranged from 0.43–0.98 with a mean of

0.63 and unit discharge at baseflow ranged from 0.03–

0.70 m3 s−1 km−2 with a mean of 0.36 m3 s−1 km−2. δ2HSD, for exam-

ple, water source variability, ranged from 0.50–6.54‰ with a mean of

3.50‰. September 2017 and 2018 δ2H values ranged from −84.91 to

−69.77‰ with a mean of −77.39‰.

Unit discharge at baseflow increased positively and linearly with

δ2H values; however, two separate groups with similar patterns emerged

(Figure 7a). Watersheds with a mean elevation above 550 m generally

increase unit baseflow with increasing baseflow isotopic values up to

−75‰ indicating more lower elevation water leads to greater baseflow.

However, three relatively small watersheds with mean elevations lower

than 550 m fall in a separate line with much lower unit discharge values

(0.04–0.16 m3s−1 km−2). Within these low elevation basins, baseflow

unit discharge also increases with higher water isotope values.

Baseflow index was not related to water source variability

(Figure 7b). The two sites with the lowest water source variability

have the largest baseflow index, however the remaining sites are clus-

tered between baseflow index values of 0.43–0.69 and display no

relationship with water source variability.

Generally, baseflow index increases linearly with the proportion

of low elevation glacial deposits underlying the catchment (Figure 8).

A notable exception to this is the Raging, which is underlain by a large

percentage of glacial deposits (69%) but has a low baseflow index

(BFI2017 = 0.48, BFI2018 = 0.43). The relationship between the propor-

tion of glacial deposits and unit discharge is less clear (Figure 8).

Streams underlain by a higher proportion of glacial deposits do not

necessarily have a higher unit discharge at baseflow. Notably, all

streams with greater than 50% of their catchment underlain by glacial

deposits, including the Raging and two additional low elevation tribu-

taries, have very low unit discharge.

4 | DISCUSSION

4.1 | Isotope ratios vary strongly with MWE

Surface water isotopes in the Snoqualmie basin primarily varied with

MWE (Figure 3). The strong observed elevation gradient can be attrib-

uted to the rainout effect, or Rayleigh distillation (Clark & Fritz, 1997;

Dansgaard, 1964). Storms bringing precipitation to western

Washington basins originate from the Pacific Ocean and move east-

ward. Continued rainout as storms move inland and up the Cascade

Mountains produces 18O and 2H depleted precipitation at higher ele-

vations. Close proximity to the Pacific Ocean exacerbates the rainout

process. As the warm, wet air mass travels up the Cascade Mountains,

it experiences orographic lifting and adiabatic cooling, resulting in

increased precipitation strengthening the observed isotopic trends

TABLE 3 Spatial stream network
model (SSNM) statistics for each month

δ2H

Variance component

R2 Coefficient (SE) RMSPE Fixed (%) Spatial (%)

November (n = 48) 0.93 −0.019 (0.0016) 1.04 72 21

February (n = 45) 0.93 −0.013 (0.0013) 1.16 72 21

May (n = 47) 0.89 −0.016 (0.0018) 2.57 69 20

June 2017 (n = 48) 0.94 −0.021 (0.0015) 1.64 74 20

June 2018 (n = 42) 0.91 −0.013 (0.0011) 1.91 69 22

September 2017 (n = 46) 0.94 −0.021 (0.0021) 1.29 79 15

September 2018 (n = 46) 0.86 −0.013 (0.0017) 1.93 56 30

Note: All sites were included in these regressions. Units for the coefficients are ‰/m.
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with elevation. Results are consistent with previous studies, which

found that in coastal proximal settings precipitation δ2H variability fol-

lows an open-system behaviour in which precipitation is not recycled

by evaporation, and the isotopic fractionation is compatible with a

Rayleigh distillation process as the air rises and cools over mountains

(Ingraham & Taylor, 1986, 1991). In surface water samples, studies

across western Washington river basins have found that MWE is the

dominant predictor of isotope ratios, but basin scale factors such as

geology, geographic location, and landscape attribute configuration

can substantially influence isotope ratios (Brooks et al., 2012; McGill

et al., 2020). For the Snoqualmie River, MWE explained most of the

variation in isotope ratios across seasons (Table 2), indicating that

elevation-induced rainout is the greatest control on surface water iso-

tope ratios. We use this observed elevation gradient in conjunction

with seasonality in surface water isotopes to make inference on how

various catchments across the basin contribute to river flow in the

Snoqualmie River throughout the year.

4.2 | Seasonality in isotope ratios reflects
hydrological processes

Seasonality in Snoqualmie basin surface water isotopes can be

explained by both changes in the isotopic ratio of input precipitation

F IGURE 4 Semivariograms for the residuals from the δ2H-MWE linear regression. Circles are proportional to the number of sites used to
estimate each bin value
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F IGURE 5 The δ2H values for all
seasonal sites throughout the year. Colour
indicates the MWE of the basin

F IGURE 6 Black lines are δ2H values for biweekly samples collected at the mouth of the mainstem Snoqualmie and each major tributary over
WY 2018. Dark grey lines along the bottom are daily streamflow hydrographs from nearby USGS gages, normalized by drainage area. Grey bars
along the top are weekly averages of precipitation
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entering the watershed and changes in contributing catchments.

Within the Pacific Northwest, precipitation isotope ratios are highly

variable, with little distinct seasonality (Brooks et al., 2012; Ersek

et al., 2010; Nickolas et al., 2017). Therefore, the majority of variabil-

ity in precipitation isotope ratios is storm specific. Although the exact

causes of inter-storm variability are still uncertain, moisture source,

temperature at condensation, air parcel trajectory, and the extent of

the rainout process have all been shown to contribute to variability in

precipitation isotope ratios (Berkelhammer et al., 2012; Ersek

et al., 2010; McCabe-Glynn et al., 2016; Yoshimura et al., 2010).

Biweekly timeseries data shows two large, basin-wide shifts in surface

water isotope ratios, even in the regulated Tolt basin, that reflect vari-

ability in incoming precipitation isotopes (Figure 6). Both of these

samples were taken on the rising limb of storms, where recent precipi-

tation likely made up a larger percentage of streamflow. Large shifts

in isotope ratios may therefore be the result of precipitation with iso-

topic ratios distinct from that of stream water entering the watershed

and contributing to streamflow.

Isotope ratios from biweekly samples of major tributaries indicate

that streamflow in fall and winter is predominately sourced from

recent and lower elevation precipitation. In the humid Mediterranean

climate western Washington experiences, winter precipitation begins

in October and continues through March. This is typically the wettest

and coldest time of the year (Figure 2). These conditions lead to snow

accumulating in the high elevation mountains within the Snoqualmie

F IGURE 7 Relationships between water source elevation and
average unit discharge at baseflow (a) and water source variability and
the baseflow index (b) for all streamflow gages within the basin.
Points are coloured by year. Point size is related to the log watershed
area for each site

F IGURE 8 Relationships between the proportion of glacial
deposits within a watershed and the average unit discharge at
baseflow (a) and baseflow index (b) for all streamflow gages within the
basin. Points are coloured by year. Point size is related to the log
watershed area for each site. The inset panel shows the Snoqualmie
basin generalized geology (see Figure 1a for legend colours) and
streamflow gage locations
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basin. Subsequently, lower elevation portions of watersheds are con-

tributing more flow than higher elevation portions of the watersheds

located in the transient (300–900 m) and seasonal (above 900 m)

snow zones at this time, and the δ2H-MWE slope is shallowest

(Jefferson, 2011; Figure 3; Table 2). High variability in early winter iso-

tope ratios corresponding to changes in river discharge (Figure 6) sug-

gest that most stream water is derived from recent precipitation in

winter. Results from spatial modelling are consistent with this finding.

In November and February samples, spatial autocorrelation not

explained by MWE is low (Table 2; Figure 4). This occurs because pre-

cipitation amount, type, and isotopic signature are controlled by oro-

graphic processes that vary strongly with elevation, and during the

wet winter a larger fraction of stream water derives directly from

recent precipitation. Previous studies have found similar patterns,

wherein during the winter rainy season and wetter-than-average sum-

mers the isotope ratios of surface water across Pacific Northwest

river basins are consistent with recent precipitation, and differences

in isotope ratios due to physical watershed characteristics are limited

(Blumstock et al., 2015; Nickolas et al., 2017; Segura et al., 2019).

Lower surface water isotope ratios in high elevation sites and

large δ2H-MWE slopes in May and June reflect the input of spring

snowmelt to high elevation sites (Figures 4 and 6). According to

SNOTEL data from across the basin, snowmelt in 2018 began in some

locations as early as April and persisted until late June (Figure 2).

However, SWE estimates at SNOTEL stations represent only a small

subset of conditions within an area. SNOTEL stations are typically

located at higher elevations and in areas that accumulate deeper

snowpack than a majority of the surrounding landscape (Daly

et al., 2000; Molotch & Bales, 2006). Therefore, the majority of real-

ized snowmelt in the Snoqualmie basin likely began and ended earlier

than SNOTEL data suggest. Slopes for δ2H-MWE relationships are

largest in May and June (Table 2) and high elevation sampling sites

show low isotope ratios compared to February (Figure 5). Snowmelt is

typically 18O and 2H depleted relative to stream water and rain due to

a combination of accumulating at high elevations and cold tempera-

tures during fractionation (Beria et al., 2018). Furthermore, biweekly

samples show a distinct drop in isotope ratios beginning in March that

lasts until early June for the Mainstem, North Fork, Middle Fork, and

South Fork, all tributaries with a substantial portion of the basin above

the 900 m snowline (Figure 6).

Water isotope values within the regulated Tolt River were more

stable over time than other tributaries similarly positioned in the

watershed (Figure 6). The Tolt Reservoir is operated for flood control

in winter, flow augmentation in summer, and provides drinking water

to the City of Seattle year-round. The reservoir fills in late winter and

spring, potentially holding back winter precipitation and high elevation

snowmelt and releasing it during summer low flow. The isotope ratio

of water within the Tolt Reservoir likely reflects the long-term average

of river water input, which may explain the relatively flat isotope time

series and lack of a discernable snowmelt signal in spring (Figure 6).

Previous studies have found muted temporal isotopic variation below

artificial impoundments and natural lakes, reflecting extended reten-

tion times and elevated river water mixing (Brooks et al., 2012;

Kendall & Coplen, 2001; Trinh et al., 2017; Wassenaar et al., 2011).

We did not observe d-excess values below 5‰, which indicated no

appreciable evaporation within the reservoir (Figure 3).

4.3 | Catchment geology controls summer
baseflow

We found that summer baseflow within the Snoqualmie basin was

derived from low elevation sources. In our biweekly sampling, water

isotope values slowly increased throughout the dry summer as flows

decreased at outlets of the mainstem and major tributaries (Figure 6).

The highest surface water isotope ratios were found in September. In

Mediterranean climates without significant summer precipitation,

water isotopes in precipitation infiltrating into mountain blocks with

different residence times determine the isotopic composition of river

water at baseflow. Shallow groundwater isotope ratios do not deviate

significantly from the mean weighted annual composition of precipita-

tion in temperate climates in areas without seasonal or spatial bias in

recharge (Bowen et al., 2011; Clark & Fritz, 1997). As the vast major-

ity of precipitation within the Snoqualmie basin falls in winter

(Figure 2) and Pacific Northwest precipitation isotope ratios have little

distinct seasonal pattern (Brooks et al., 2012; Ersek et al., 2010), a

temporal bias in groundwater recharge is unlikely. The relatively high

summer baseflow isotope ratios in the Snoqualmie basin therefore

suggest a spatial bias in recharge towards lower elevation sources,

given the strong δ2H-MWE relationship we observed in Figure 3.

Lower elevations of the Snoqualmie basin are dominated by a

deep, permeable, productive glacial aquifer that we presume is the

source of baseflow (Bethel, 2004; Turney et al., 1995). Glacial and

interglacial deposits in the valley bottom contain several geohydro-

logic units, each with differing lithological and hydrologic characteris-

tics that control aquifer potential. Deposits consist of a mix of

unconsolidated gravel, sand, silt, clay, and peat and include geologic

features of alluvium, recessional and advance outwash, till, ice-contact

deposits, and confining beds (Bethel, 2004; Turney et al., 1995;

Figure S2). Features such as alluvium and advance outwash consist of

sand and gravel on average hundreds of feet thick and have better

aquifer properties than units such as till or transitional beds (Turney

et al., 1995). However, most glacial and interglacial deposits can form

small but useable aquifers that may help sustain baseflow in summer

months (Blumstock et al., 2015; Soulsby et al., 2004; Turney

et al., 1995). In the Pacific Northwest more specifically, geology is crit-

ical in determining baseflow patterns. In Oregon, Nickolas et al. (2017)

found that baseflow was sustained by permeable sandstone portions

of the Marys River watershed, and Segura et al. (2019) found that dur-

ing drought conditions water stored in deep seated earthflows, other

Quaternary deposits, and porous volcanic bedrock supported base-

flow. Furthermore, baseflow in the Oregon Cascades is supported by

high elevation snowmelt that travels through extensive subsurface

flow paths within highly porous and permeable young volcanic bed-

rock (Brooks et al., 2012; Tague et al., 2013; Tague & Grant, 2004).

Such studies of streamflow show that Pacific Northwest rivers will
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not respond uniformly to the same climate signal and illustrate the

importance of subsurface geology in controlling baseflow.

The 18O and 2H enriched summer baseflow in the Snoqualmie

also suggests that snowmelt does not recharge groundwater or con-

tribute substantially to late summer baseflow, but rather comes out as

a pulse during the spring freshet. We observed a distinct decrease in

water isotope ratios during spring in the mainstem and major tribu-

taries with area above 900 m (Jefferson, 2011), quickly followed by a

continual increase in isotope ratios throughout summer (Figure 6;

Table 2). Snowmelt enters and moves through the system in a quick

pulse, and as the year progresses lower elevation water sources sus-

tain streamflow. The upper portion of the Snoqualmie basin is covered

by thin soil over impermeable bedrock lacking extensive fracture net-

works, meaning that rain and snowmelt are not retained in the moun-

tains but are rapidly transmitted to the stream system (Bethel, 2004;

Turney et al., 1995). Recharge in mountain areas such as the

Snoqualmie basin can be permeability-limited rather than recharge-

limited due to thin soils overlying low-permeability crystalline bedrock

(Debose & Klungland, 1983; Flint et al., 2008; Goldin, 1973, 1992;

Nelson, 1971). When the rate of snowmelt infiltration into soils

exceeds percolation into bedrock, lateral flow occurs and water drains

to streams or wetlands. Furthermore, in the Pacific Northwest, spring

snowmelt may substantially exceed unsaturated zone storage capacity

due to high antecedent soil moisture from winter rains (Blankinship

et al., 2014). Therefore, upper elevation bedrock is not an important

source of runoff control and groundwater storage.

Hydrologic evidence supports the assertion that low elevation

glacial deposits are the main source of summer baseflow. Unit dis-

charge for baseflow increased when water originated from lower ele-

vation (Figure 7b), supporting the idea that baseflow was sourced

from a glacial aquifer within the Snoqualmie valley. Interestingly, three

watersheds with mean elevations below 550 m, including the Raging

River, had the smallest unit discharge values despite having a low

water source elevation, high baseflow index and a large proportion of

glacial deposits (Figures 7 and 8). These watersheds may have these

unexpected attributes because less precipitation is entering the catch-

ment or because their subsurface catchment is smaller than their

topography delineated catchment (Nickolas et al., 2017). In addition,

groundwater upwelling generally occurs at breaks in the landscape

(Neff et al., 2020), and all these basins are below the break related to

the Snoqualmie falls potentially limiting groundwater discharge points.

A mass balance calculation using river discharge data also suggests

that during summer, proportionally more water enters the basin from

low elevation sources such as mainstem tributaries.

For all sites except the Raging River, as the proportion of glacial

deposits within a catchment increases, the baseflow index increases

linearly (Figure 8) meaning groundwater comprises a larger percentage

of annual streamflow. The lack of a relationship between water source

variability and baseflow index is surprising (Figure 7). We expect

groundwater to have a relatively constant isotope ratio through time

(Clark & Fritz, 1997), and therefore anticipate that sites dominated by

groundwater have a low water source variability. We hypothesize that

the weak pattern is partially due to our limited temporal sampling,

which captures events on long time scales (e.g., snowmelt) better than

on short timescales (e.g., storm driven events). Therefore, our metric

of water source variability is correlated with elevation and snowmelt

and may not capture the true water source variability for a site like

the Raging River, which is a flashy system that lacks snowmelt.

Alternative explanations for 18O and 2H enriched summer base-

flow, such as enriched precipitation falling in summer or displacement

of evaporated soil water with an enriched isotopic composition, are

unlikely. Very little rain falls in summer within the Snoqualmie basin;

stream discharge response to summer precipitation is limited

(Figure 2), likely because dry soils and plant transpiration adsorb and

utilize these small summer events. In addition, evaporatively enriched

soil water was not the cause of the increase in stream water isotope

values as seen in some other studies (Peralta-Tapia et al., 2015;

Sprenger et al., 2017; Tetzlaff et al., 2015), because September sam-

ples had a similar d-excess as June samples. Brooks et al. (2010) found

tightly bound soil water with an evaporatively enriched isotopic signal

remained stationary throughout summer unless utilized by plants, and

mobile water without an evaporated signal contributed to streamflow

in a similar Mediterranean climate. Good et al. (2015) suggested that

globally this process is more widespread than previously thought. The

observed isotopic increase in baseflow was therefore likely due to a

decrease in elevation of the water origin, indicating that 18O and 2H

enriched lower-elevation groundwater is contributing more to

streamflow in late summer. Additionally, residual snowmelt, which

may be present in June, did not sustain streamflow into September.

4.4 | Caveats and limitations

Our ability to generalize results is limited by our sampling design and

dataset. Our sampling design involved intensive temporal and spatial

sampling over June and September 2017 and the 2018 water year.

The coupling of widespread and frequent water sampling provided

information about geologic and climatic controls on the spatial and

temporal variability of water sources relevant to management. Given

that our study only spanned a single year, our results may be a reflec-

tion of specific conditions during the 2018 water year. However, as

2018 was a relatively average year in terms of temperature and pre-

cipitation (Figure S3), this seems unlikely. Precipitation samples were

not collected within the Snoqualmie basin due to logistical restric-

tions, although we obtained precipitation samples from a nearby

location.

4.5 | Climate and management implications

A critical challenge for resource managers seeking to prioritize resto-

ration or research actions is in identifying streamflow sensitivity to cli-

mate change. Our results show that in the Snoqualmie basin, summer

streamflow is sustained primarily by groundwater recharged by low

elevation precipitation, and snowmelt does not substantially contrib-

ute to summer streamflow. This suggests that the Snoqualmie River
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may be less sensitive to predicted warming than Pacific Northwest

rivers that rely on snow or glacial melt to sustain summer streamflow

(Brooks et al., 2012; Riedel & Larrabee, 2016). However, it is impor-

tant to note that although groundwater discharge may remain con-

stant, warmer air temperatures could lead to warmer water

temperatures and a reduction in baseflow discharge due to increased

evaporation and evapotranspiration. Furthermore, groundwater likely

integrates several years of storage; amount of storage and timing of

release to the stream are key considerations for drought resiliency.

Although several studies have highlighted the role of underlying geol-

ogy in controlling hydrologic responses to climate change (Mayer &

Naman, 2011; Tague & Grant, 2004, 2009), future streamflow predic-

tions for Puget Sound continue to focus predominately on climate

mediated changes in snowpack regimes (Elsner et al., 2010; Mantua

et al., 2010; Wu et al., 2012). An increased focus on basin-scale attri-

butes that impact timing and magnitude groundwater discharge to riv-

ers could improve future streamflow predictions (Tague et al., 2013).

Recognizing that subsurface geology plays a major role in control-

ling the hydrology of the Snoqualmie River can be used to advise

management decisions relating to restoring floodplain functions that

recharge aquifers. Understanding major groundwater recharge areas

may enable managers to target restoration actions such as placing

engineered logjams or reintroducing beavers in areas underlain by

permeable glacial deposits where recharge is greatest (Abbe &

Brooks, 2013; Pollock et al., 2014). Similarly, by combining climate

predictions with our water source estimates we can estimate areas of

the basin and times of year that will undergo the greatest shifts in

streamflow timing and magnitude. For example, Figure 6 illustrates

that recent precipitation from incoming storms can dominate

streamflow across the Snoqualmie River. Climate models predict more

intense and frequent winter storms, which have the potential to cause

flooding across all areas of the basin. Impacts from flooding could be

particularly severe in the Raging River due to its flashy hydrology and

low elevation. Several species of Pacific Salmon spawn in the Raging

River and flooding here may negatively impact egg-to-fry survival

rates (Isaak et al., 2012; Mantua et al., 2010). Resource managers may

therefore decide to preemptively focus management efforts such as

wetland restoration and riparian planting within this and other low-

elevation tributaries to provide fish habitat complexity and mitigate

flood risk.

4.6 | Conclusions

In this study we used surface water isotopic variation to develop a

conceptual model of streamflow provenance for the Snoqualmie

River. Stable isotope ratios in river water related strongly to elevation

throughout the year, however, seasonal variation in isotope ratios was

present and reflected hydrologic processes. Low isotope values in

spring reflected the input of snowmelt into the river. High baseflow

isotope values suggest that groundwater is sourced from low eleva-

tion glacial deposits and recharged by winter precipitation. Our results

illustrate that stable isotopes of surface water can be used to

understand water source dynamics and provide insights into manage-

ment strategies across the Snoqualmie River basin. Future research

should integrate water isotopes with empirical measures of ground-

water, stream temperature, and processed based hydrological model-

ling to better understand how climate induced change will impact

stream temperature and flow. Continued monitoring of the

Snoqualmie mainstem and major tributary stable isotopes would pro-

vide a valuable understanding of how water sources shift over years

of fluctuating climate and snowpack.
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