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The non-uniform distribution of water in snowdrift-driversystems can lead to spatial
heterogeneity in vegetative communities and soil developemt, as snowdrifts may locally
increase weathering. The focus of this study is to understahthe coupled hydrological
and biogeochemical dynamics in a heterogeneous, snowdridtlominated headwater
catchment (Reynolds Mountain East, Reynolds Creek CrititZone Observatory, Idaho,
USA). We determine the sources and uxes of stream water and idsolved organic
carbon (DOC) at this site, deducing likely owpaths from hybmetric and hydrochemical
signals of soil water, saprolite water, and groundwater mesured through the snowmelt
period and summer recession. We then interpret owpaths usig end-member mixing

analysis in light of inferred subsurface structure derivedrom electrical resistivity
and seismic velocity transects. Streamwater is sourced pmarily from groundwater
(averaging 25% of annual stream ow), snowmelt (50%), and war traveling along the
saprolite/bedrock boundary (25%). The latter is compriseaf the prior year's soil water,
which accumulates DOC in the soil matrix through the summer é&fore ushing to

the saprolite during snowmelt. DOC indices suggest that itsi sourced from terrestrial
carbon, and derives originally from soil organic carbon (SO) before ushing to the

saprolite/bedrock boundary. Multiple subsurface regionsn the catchment appear to
contribute differentially to stream ow as the season progesses; sources shift from the
saprolite/bedrock interface to deeper bedrock aquifers fsm the snowmelt period into
summer. Unlike most studied catchments, lateral ow of soilwater during the study
year is not a primary source of stream ow. Instead, saprolé and groundwater act as
integrators of soil water that ows vertically in this syste. Our results do not support the
ushing hypothesis as observed in similar systems and inst&d indicate that temporal
variation in connectivity may cause the unexpected dilutiobehavior displayed by DOC
in this catchment.

Keywords: dissolved organic carbon/DOC, hydrologic conne ctivity, soil water, groundwater, snow, dryland

ecosystems, critical zone observatory/CZO
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INTRODUCTION 2003. The paths water follows a ect the species and quantity of
solutes it carries.

In mountainous headwater catchments, snow is often the After the initial pulse of snowmelt, snow-dominated
dominant phase of precipitatiorBarnett and Adam, 200%and  watersheds may begin to dry out from the ridgetops down
snowpacks act as reservoirs, storing water from winter ssorm(stieglitz et al., 2003 In drier areas, soil water continues to
and releasing it later, often sustaining stream ow throutite  accumulate solutes, but this water will not reach the stream
growing season at downstream locationil(iams et al., 2002; yntil su cient hydrologic connectivity is restored throuy
Nayak et al., 2090 Thus, streamow and the processes itsgil saturation Gtieglitz et al., 2003; Sanderman et al., 2009;
in uences often depend on the transition between snow andstielstra et al., 2015; Li et al., 2)1Since hydrologic connectivity
rain (Marks et al., 2013 The range of elevations over which js not uniform across most catchments, patterns in solute
this transition occurs is known as the rain-snow transition concentration in stream waters will be in uenced by pattens
and although its location can shift between and during stormeconnectivity (i et al., 201Y.
events, it commonly has a characteristic range of elevation pissolved organic carbon (DOC) is a solute of particular
in a given geographic regiorMiarks et al., 2013; Klos et al., interest because it is the most mobile form of carbon and
2019. One major impact of climate change is an upwardplays an important role in the global carbon (C) cycle. In
shift in the elevation of the rain-snow transition, which @&  headwater catchments, especially those where subsurface ow
snowpack size and locatiorKIps et al., 2014; Tennant et al., predominates, the primary source of DOC is soil organic carbon
2017. In turn, the dierent hydrologic responses of a given (SOC) leached by precipitation and carried to the stre&@myer
basin to rain vs. snow will a ect stream ow and groundwater et al., 199y DOC is an important component of aquatic
supplies (farks et al., 2013 food webs, while SOC in the form of soil organic matter

Snowmelt and snowdrifts dominate the hydrology of(SOM) increases the availability of water and nutrients for
mountain regions around the world\{viroli et al., 200J.  plant growth Qoran, 2002; Cole et al., 2007; Crimmins et al.,
Snowdrifts are created by the interaction of wind and201). Loss of SOM can reduce soil fertility, while much of
topography, as wind removes snow from exposed areas afle SOC lost to rivers is eventually respired to the atmosphere
drops it on lee slopes/(instral and Marks, 2002 This amounts  jn the form of carbon gasses such as carbon dioxide and
to “drift’ (accumulation) areas receiving a precipitationtsidy  methane Doran, 2002; Cole et al., 2007
from “scour” (removal) areasV{instral and Marks, 2014 Climate change has the potential to cause particularly large
Drifts tend to form in the same locations annually (visible it changes in mountainous regions, including altering theelev
LIDAR data, remotely sensed imagery, or via eld observafjpn of the rain-snow transition, and the proportions of rain and
resulting in greater spatial heterogeneity of precipitation i snow on an annual basiBéniston, 2003; Klos et al., 2014;
snowdrift-dominated catchments than in those where dnffi Tennant et al., 2097 Changes in the proportions of rain and
does not occur@Grinewald et al., 2010; Sturm and Wagner, 2010snow in a catchment can impact hydrologic owpaths; and
Winstral and Marks, 2014 This impacts hydrologic owpaths insofar as hydrology a ects carbon transport, these changes
in these systems$pmeroy et al., 2007 can also impact the export of DOC from mountainous

Hydrologic owpaths are constrained by topography, soilheadwater catchments3¢yer et al., 1997; Jones et al., 9005
and bedrock porosity, and evapotranspiratiofo(ilsby et al., Rising atmospheric concentrations of methane and carbon
2006; Tetzla et al., 2007 In a system with several large dioxide in the past few centuries have already altered global
upstream snowdrifts and only one stream, meltwater thatlimate, a ecting temperature and water availability worides
does not evaporate or sublimate from the drift surfacgintergovernmental Panel on Climate Change., 201The
must ow downhill into the stream from the melting drifts, stability of SOM is inuenced by temperature and water
unless it is lost to deep regional aquifers. While streamjyvailability, and as SOM represents a major store of carbon
water is likely derived predominantly from the drift, a key worldwide, there exists a potential feedback loop—climate
question is how water gets to the stream. What does itchange leading to greater release of soil carbon, which then
ow through? How long does it take? What solutes does itchanges the climate furtheEgwaran et al., 1993; Zogg et al.,
acquire en route? 1997; Cox et al., 2000; Jones et al., 005

If snowdrifts can be considered aboveground “water towers” At the intersection of snow hydrology and carbon exportis the
in mountainous systems\{viroli et al., 2007, then aquifers “ushing” hypothesis Boyer et al., 1997 While the snowpack
can be thought of as belowground “storage tanks.” Bedrockemains frozen, only limited export of soil water occurs, and
aquifers, where present, are considered the major source gbil pore waters accumulate solutes, including DOC. In spring
stream base ow during periods of little precipitatio®{ngman,  snowmelt ushes this concentrated soil water into the stea
2019. In snow-dominated systems, itis common for snowmelttoalong with the solutes it carries. This is a major control on
be the dominant aquifer-recharge evehigckenstein et al., 2006; soil carbon export and stream DOC dynamics (e-prnberger
Seyfried et al., 2009Water from the drifts in Itrates through the et al., 1994; Boyer et al., 1997; Hood et al., P0Sfudies of
soil, where soil is present in the catchment, dissolving mélse  carbon export commonly use the relative abundance of complex
and organic material from the soil matrix-0hse et al., 2009  carbon molecules (lignins, tannins, etc.) as an indicataasbon
The water may recharge the bedrock aquifer, or it may rursourcing {Vickland et al., 2007 While this provides valuable
along the bedrock/soil interface into the streaigglitz et al., insight into the ultimate sources of DOC (e.¢le et al., 2006;
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Lapworth et al., 2008 it can become problematic if carbon is Winstral and Marks, 201y and as a National Science Foundation
used to trace water owpaths (e.gliebig et al., 1990; Boyer et al., Critical Zone Observatory for the past 5 years.
1997, because it assumes that soil water is the primary source RME receives 900 mm of precipitation annually, of which
of water generating stream ow, and therefore that SOC is thenore than 70% is delivered in the form of snow, and exports
primary source of DOC. In order to examine this assumption, 520 mm of this as stream owSeyfried et al., 2009Snow
we guantify and characterize DOC in the stream and potentiatommonly accumulates in deep 2 m) drifts in sheltered areas
source waters, develop an end-member mixing model usinggmor(\Winstral and Marks, 2014 One large drift, the East drift, forms
conservative, inorganic tracers, and then use the fraatiorater  at the eastern end of the catchment, on the leeward side of an
contributions derived from the model to predict stream DOC unnamed peakKigure 1B, No. 1). A smaller drift forms at the
based on the DOC concentration of source waters. Comparingase of the steep hill below the cabkigure 1B No. 2); little to
modeled DOC from water contributions to measured DOC inno drifting occurs in the Douglas- r forest below this drjfbut
the stream—combined with DOC characteristics—allows us tm exceptionally snowy years, a smaller drift forms downhill o
disentangle the interactions between soil carbon, soiewaind the Douglas rs Figure 1B No. 2b). Another drift forms just
deeper owpaths in the watershed. east of this drift, downhill of the East drift, in an aspen sian
In this study, we explore how the hydrologic dynamics of(Figure 1B No. 3). An exceptionally large drift(10 m in depth)
snow-dominated watersheds interact with carbon storesdota is formed just outside the catchment boundaBigure 1B, No.
stream carbon export, speci cally: 4); this is referred to as the Springhouse drift, which feeds a
\Berennial stream adjacent to a springhouse for which the dsift i
named. While this drift is technically outside the catchmehe
divide is a ridge only 40cm in height, and we hypothesize that
subsurface connectivity may not re ect the surface topogsaph
Lithology and soils in this catchment are relatively consiste

3. What are the patterns of DOC concentrations in stream anéfvmle vegetat_lon IS more varlat_JIe. Multlple layers of volcanic
y S . rocks, primarily latite and rhyolite with some basalt, compose
source waters? Do they follow the “ ushing” model, or is there

- the bedrock Ekren et al., 1991 Soils are primarily poorly

another factor driving carbon export? developed, highly permeable loams and silt loargy(ried

To address these questions, we sampled all likely endt al., 200). The stream in RME is perennial from the weir
members (soil water, saprolite water, deeper groundwatar, ra to a point 100m upstream of the Bog site (northernmost
and snow) and compared their cation and anion concentrationsquare symbol inFigure 1C); above this point, the stream
to those in stream water to determine the ow paths in thisis intermittent. There is at least one perennial, seasonally
watershed. To determine hydrologic response, we measuiked sartesian spring, which was sampled in this study. Most slopes
moisture and matric potentials in three soil pits at three depth are dominated by sagebrushArtemisia spp.) and various
depth to water table in wells drilled in the bedrock aquifer;forbs and grasses. Willowsalix spp.) dominates the riparian
and isotopic composition of waters taken from soil, saprolitecorridor, and quaking asperPopulus tremuloidgsnd conifers
bedrock, snowpack, rainfall, and stream. These likely endprincipally Douglas r, Pseudotsuga menzigsire found in
members were quanti ed using end-member mixing analysiscattered stands at intermediate elevatidghsy(ried et al., 2009
(EMMA) and a mixing model was used to indicate the primaryA continuously saturated, circumneutral, persistent emetgen
sources of stream ow. We compared the relative contribusion wetland dominated by sedges with minor aspen and willow,
of carbon and water to the stream by each end-member twhich we will hereafter refer to as the “bog” (classi cation
evaluate which owpath was contributing most of the DOC based onCowardin et al., 1979 is present along the stream
to the stream, and we determined the most likely source oih the middle portions of the catchment. This classi cation
DOC using the specic ultraviolet absorbance (SUVA) anddoes not distinguish between surface and groundwater ssurc
uorescence index (Fl) of carbon from stream water and end-of ow to the wetland as in some classi cation systems (e.g.,

1. What paths does meltwater from seasonal snowdrifts follo
on its way to the stream?

2. Is soil water a major component of the hydrograph in drift-
dominated systems, or is carbon being brought into the strea
by another subsurface owpath?

member samples. Lindsay, 2018 Some growth of macrophytes was observed
in the perennial channel during summer low ow. Large

MATERIALS AND METHODS branches were preserved in the bog's 32-cm-thick organic
soil layer, and roots penetrated to signicant depth; non-

Site Description woody organic material was unidenti able. Branches with

Reynolds Mountain East (RME) is a 0.38 4nmeadwater toothmarks suggest that some were deliberately placed by
catchment in the Reynolds Creek Experimental Watershelleavers. No beavers were active in RME during WY2016—
(RCEW)/Reynolds Creek Critical Zone Observatory (RC-CZOR017, but they are currently active farther downstream on
in the Owhyee Range in southwestern Idaho, USAy(re 1A).  Reynolds Creek.

The catchment ranges from 2,020 to 2,140 m in elevation over

an area of 0.38 k& slopes vary from 0 to 40%S¢yfried Geophysical Characterization

et al.,, 2000 RME has been intensively monitored as aElectrical resistivity (ER) and seismic velocity (SV) dataewe
United States Department of Agriculture Agricultural Reséarc collected along a 770-m-long transect from between the upper
Service (USDA-ARS) experimental watershed for over 50 yeassowdrifts to the bogKigure 1C line 4) in summer of 2015. The
(e.g.Marks et al., 2001; Flerchinger et al., 2010; Reba et al., 20%g&ismic refraction data were collected in four deploymeiffiso
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Wind-Sheltered
Snow Pillow

FIGURE 1 | (A) The Reynolds Mountain East (RME) catchment is located in stwestern Idaho, USA, at the southern end of the Reynolds CréeCZO. (B)
Snowdrifts in RME are highlighted by a snow depth map from Mah 2009 (an average snow year) with white areas indicating ifiis marked by numbers 1, 2a&b, 3,
and 4 referenced in the main text. Snow depth data fronShrestha (2016) (C) Annotated RME orthophoto outlines instrument and samplindpcations. 176 is the
“exposed ridge” meteorology station and Judd snow-depth ste; the “wind-sheltered” snow pillow is directly in line wit the geophysics transect. “PZ” stands for
piezometer, which is co-located with the soil moisture and ratric-potential probes at each pit.

24-channel Geode seismic recorders (Geometrics, Inc.)J&sm Seismic data processing consisted of construction of shot
CA, USA). 10-Hz, vertical-component geophones were placegathers, correction of along-line distances for topography,
at 1 m spacing and shots were conducted every 5m by strikingtering, and picking of rst-arrival travel times. Travel mes

a 5.4kg sledgehammer on a 2020 2cm steel plate. The were inverted using a linearized inversion, followigg Clair
resistivity line was collected in six deployments of a 56tedele et al. (2015)and a two-dimensional subsurface velocity model
Advanced Geosciences Inc. (AGI, Austin, TX, USA) SuperStingas produced as the average of an ensemble of 15 inversion
instrument; dipole strong gradient (with reciprocals) and @ol results generated with randomized starting models. Apparent
dipole surveys were collected on each segment to collect agpareesistivities were inverted using AGl's Earthimager2D safe
resistivities for many dipole pairs along the line. to create a two-dimensional model of subsurface resistivity
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Smoothness constraints were used in both the resistivity anthree depths: at 30cm below the soil surface, at the soil-

seismic inversions to stabilize the inversion results. saprolite boundary, and in saprolite. Decagon EC-5 (METER
Environment Group, USA) soil moisture probes were installed
Instrumentation at the same depths as the lysimeters, and Decagon MPS-1 and
Meteorological, Soil, Discharge, and Groundwater MPS-2 soil matric potential probes were installed alongside th
Monitoring lysimeters at the soil-saprolite boundary and 10cm below the

As part of the Reynolds Creek Experimental Watersheds0il surface, respectivelfigble 1). Soil moisture and matric-
RME boasts long-term ARS instrumentation, includingpotential data from the soil sensors were collected at 10-
two meteorological stations (precipitation, snow depth,min intervals on Decagon EM-50 dataloggers. Each pit setup
wind direction, relative humidity, soil moisture, air ancis also incorporated a stainless-steel drive-point piezometeich
temperature, and solar radiation), four monitoring welle@h Wwas hand-driven to refusal, placing the screened interval in
to water table), and a v-notch weir at the outlet with TROLLthe saprolite near the top of the consolidated bedrock. The
9500 (In-Situ Inc., Fort Collins, CO) continuous sensora@e, Piezometers were intended to capture water owing along the
discharge, temperature, and total suspended solids) and kgdrock surface, whichis a owpath thetcNamara et al. (2005)
Sigma 900 automated sampler (Hach Company, Loveland, Cagported in the nearby Dry Creek watershed, and were sampled
for water chemistry sampling (anions, total suspended splidgluring each site visit. Additionally, slug testsefter, 200}
particulate organic carbon, non-purgeable organic carbon)vere performed at each piezometer to obtain saprolite hydraulic
Additional data collected by the ARS includes snow depttgonductivity (K) values, and surface soil K estimates wereved
measurements and soil moistur&dyfried et al., 2009: Nayak from Murdock et al. (2018)
et al., 201)) The monitoring wells are used for groundwater A rain sampler was installed at the end of winter in 2017, and
sampling, and include three 15 m-deep wells (the Drift, Westgollected rain from May through September 2017, minimizing
and Aspen wells) and one 30 m-deep well (the Cabin welljsotopic fractionation by using a foam oat inside of a Nalgen
Locations of all monitoring equipment are noted &igure 1C bottle housed within an insulating cooler. Large particleseve
USDA-ARS snow depth observations at the meteorology statior@cluded from the sample bottle by a plastic screen, but dust
were used to determine melt timing, with melt duration dedie Was not removed. National Atmospheric Deposition Program
as the timespan from peak to zero snow depth (mid-March tdNADP) dust data from the ID11 site (Reynolds Creek) were
mid-June 2017). compared to the RME results to account for the e ects of wet
and dry deposition.

Soil Pits, Sensors, and Water Collectors
In August and September 2016, we excavated three sall . .
pits near geophysics transect 4 from snowdrift 2a to streanrp@mple Collection, Processing, and
(Figures 1B,Q. Each pit was hand-dug to refusal, described, and\nalysis
sampled by horizon. The regolith contact was de ned as wher&oil water samples were collected at least monthly from Jgnuar
digging reached consolidated bedrock, which could notigasl  to October 2017, after allowing a 3-month settling period for
removed by hand. We also recorded the soil-saprolite boundarlysimeters (as peiohse et al., 20)3 During the melt and
saprolite is here de ned as unconsolidated bedrock, wheee threcession period from March to September 2017, samples were
orientation of rocks in the surrounding matrix shows theynee collected bi-weekly. Lysimeters were sampled by applying 60 kPa
weathered in place. Saprolite, by this de nition, is a portidn o of tension by hand pump for a minimum of 3 h. Piezometers
the immobile regolith and is excluded from previous studiés owere sampled with a MasterFlex peristaltic pump (ColeParmer
mobile regolith in RME Eellows et al., 2018; Patton et al., 2018 Inc., Vernon Hills, IL), and groundwater wells with a stairdes

We selected pit locations in order to collect soil water alongsteel bailer (WildCo Inc., Yulee, FL) or polypropylene ball galv
a hypothesized hydrologic owpath incorporating three digtin bailer. Heavy snowfall precluded sample collection at the Bog
combinations of topography and vegetation: a “Drift” locatio until May of 2017; the Drift and Conifer sites could be sampled
in an area dominated by grasses, forbs, and sagebrush wheharing this period, as the lysimeter lines extended to areas of
a snowdrift forms each winter; a mid-slope “Conifer” locatio low snow accumulation. Similar lines set up in the Bog were
in a Douglas r stand; and a toeslope/riparian location in theinitially inaccessible because of treefall, but collectiesumed
bog (Table 1). A piezometer was installed at a spring near theas early as possible in May. Wells were also sampled throughout
transect to sample groundwater. Through visual inspection, ithe entire period with a handful of exceptions: the Cabin wekwa
was determined that the regolith for all pits was rhyoliteatite, not sampled when the generator running its electric well pump
which is consistent with the geologic maps of the ardal(ityre,  failed, and the West well was buried by snow until March 2017
1972. The Drift and Conifer soils were loams and silt loams toand blocked in September 2017.
depths of 125 and 95 cm, respectively; while the Bog pit confaine Stream water grab samples were collected at the weir and
32cm of hemic organic material overlying silt loam to 50 cm.n the bog area upstream of the soil pit during each sampling
The Conifer pit was considerably drier than the Drift or Botgsi e ort. One sample was taken from the Springhouse stream in
during excavation. October 2017.

Three Prenart SuperQuartz (Prenart Equipment ApS, Buen, Rain samples were collected directly from the rain sampler,
Denmark) tension lysimeters were installed in each pit agfter homogenizing the sample bottle contents. Snow samples

Frontiers in Ecology and Evolution | www.frontiersin.org 5 February 2019 | Volume 7 | Article 46


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Radke et al. Heterogeneous Snow, Flowpaths, and DOC

TABLE 1 | Depths of soil contacts and instrument installation for edt soil pit.

Pit name Depth to regolith Depth to Depth of piezometer Depths of Lysimeters & Co-Installed Probes (cm)
(cm) saprolite (cm) screened interval (cm)
MPS-2, EC-5 MPS-1, EC-5 EC-5
Drift 165 125 143-120 23.3 75.5 151.1
Mid-slope 110 95 103-80 34.0 70.0 77.6
Bog 70 50 83-60 34.9 48.6 82.4
Spring 125* 60* 120-100 n/a n/a n/a

Lysimeters and probes were not co-installed at the Spring piezometerite. “Determined using soil corer prior to installing piezometer.

were collected from pits dug to the base of the snowpack ifSunnyvale, California, USA) ICS-5000, at dilutions fromo0 t
the snowdrift near the Drift pit, with density samples taken1:20, with nal dilutions depending on signal strength in the
every 30 cm and depth-integrated samples used for analyses. Q&) Lohse laboratory. A suite of stable cations (Li through U
sample, from the East driff{gure 1B, drift No. 1), was collected LOD 0.02ng/L) were measured in the Center for Archaeology,
using a snow survey tube. Snow samples were double-bagdddterials, and Applied Spectroscopy (CAMAS) lab at Idaho
in zip-top bags and stored at G until analysis. Liquid water State University on a Thermo X-1I series Inductively Coupled
samples were collected in Nalgene bottles and stored@udtil  Plasma Mass Spectrometer (ICP-MS) equipped with a Cetac
analyzed. All water samples were vacuum ltered through pre240-position liquid autosampler (ThermoFisher Scientic);
combusted 0.7m Whatman glass ber lIters within 72h of dilution was 1:10 sample:deionized water.
collection or thaw. Samples were split into portions for carbon To better de ne subsurface owpaths, we used water
ion, and isotope analyses. Carbon samples were not furthésotopes to trace the movement of water from soil to
processed. For ion and isotopic analyses, samples were lteréite saprolite and bedrock. Water isotopes (deuterium and
through 0.45m"m Puradisc syringe lters. oxygen-18) are commonly used in hydrology as indicators of
Dissolved/non-purgeable organic carbon (DOC/NPOC,evapoconcentratiori{endall and Coplen, 2001Lighter isotopes
detection limit [LOD] 0.05 mg/L), dissolved inorganic carb evaporate more readily, and so water that has been subject
(DIC, LOD 0.05 mg/L, measured as total inorganic carbon)io evaporation will show a larger proportion of the heavier
and total nitrogen (TN, LOD 0.01 mg/L) were run in the ISU isotopes. Transpiration does not have this e etts{eh et al.,
Center for Ecological Research and Education (CERE) lab on1&®99. A subset of stream samples, and end-members from both
Shimadzu Corp (Kyoto, Japan) TOC-V CSH equipped with arMay and July 2017 were selected for water isotope analysis.
ASI-V autosampler and TNM-1 chemiluminescence detectoA Delta V Advantage mass spectrometer with a ConFlo IV
for TN. Spectral characteristics (absorbance, LOD 1 ng/ld, ansystem (Thermo Fisher Scientic, LOD 4,000-10,000 mV) at
uorescence index (FI), LOD 30 ng/L, though note calculatedhe CAMAS lab was used to measure deuterium afio
Fl is unitless) of dissolved organic matter (DOM) of a subsefor water samples. All isotope values are reported as per mille
of samples were determined using the Aqualog Fluorescen%.) of dD (permissible error 2.00%0) andf®O (permissible
and Absorbance Spectrometer (Horiba, Irvine, CA, USA) aerror 0.20%o) relative to Vienna Mean Standard Ocean Water
the University of Vermont. Specic ultraviolet-visual light (VSMOW). dD vs.d*0 plots of precipitation (rain and snow)
absorbance (SUVA, reported in L mg Em 1) was calculated samples were regressed to determine the local meteoric vraer |
by dividing light absorbance at 254 nm by the correspondindLMWL) (Dansgaard, 1964
DOC concentration and by accounting for the conversion éact
from cm to m. For uorescence analyses, samples were dilute®rincipal Component and End-Member
The excitation (EX) wavelength range spanned from 250 tp/ixing Analysis

600 nm (increment 3nm) and emission (EM) ranged from 212pyincipal Component Analysis (PCA) is a multivariate factor
to 619 nm (increment 3.34 nm). All excitation emission me&$  5nalysis technique used to determine the primary entities in a
(EEMs) were blank-subtracted (nanopure water, resistivitypixture (Davis, 1973 In hydrology, it is used to nd the lowest
18 M= cm %), corrected for inner Iter e ects, and Raman possible n-dimensional space in which all observations {er,
normalized Ohno, 2002; Miller and Blair, 2009From these  concentrations) will t within the bounds of a speci ed accug
data, we computed relevant indices, including the Fluonesee (Christophersen and Hooper, 199PCA can be used to identify
Index (FI), calculated as the intensity at Emission 470 nwidéid  the expected number of components for an end-member mixing
by the intensity at Emission 520 nm for Excitation at 370 nmmodel as described below, and assist in selecting solutelsasa
(Cory and McKnight, 2006 Water samples were also analyzeqdemify possible end-members.

for anions, cations, isotopes of oxygen and hydrogen, total gnd-member mixing analysis (EMMA) is a method to
nitrogen, and carbon species. Anions (FCl , NO,, NOz,  determine which non-stream waters of a catchment are
S, , Br ; LOD 0.01 mg/L) were measured using a Dionexcontributing to stream ow (ooper et al., 1990 Originally
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focused on soil water contributions, it has expanded to idelu began accumulating in December 2016 and was entirely melted
all possible sources and can also be used to determine if &y mid-June 2017Rigure 2A).
end-member that supplies water to the stream was missed Soil moisture increased brie y with the onset of snowmelt,
in sampling. The key assumption in EMMA is that streamand decreased quickly following melt-out, except in the bog
water is derived from some combination of source waters, ofFigure 2B). This pattern is pronounced in the Drift pit, and
end-members, whose chemical compositions are unvarying iattenuated in the Conifer pit. In both of these pits, soil maist
time and spaceHooper et al., 1990 After PCA is used to remained higher at depth than near the surface throughout
determine how many and which solutes are used for EMMA, th&VY2017. Extraction of soil water at 60 kPa from the Conifer pit
concentrations of those solutes in the suspected end-mesdser was impossible by June 6th, 2017; the saprolite lysimeter at the
used to construct a bounding polygon in n-dimensional spaceDrift site was only able to collect very sma#l Z0 mL) samples
where the number of vertices (representing each end-membeafter June 6th, and all other lysimeters at these sites remaine
is equal to the number of solutes plus onBa(thold et al., throughout the rest of the summer.
201). EMMA must be adjusted when stream water chemistry In contrast, the Bog pit was wet throughout the water year. Soi
points fall outside the bounds of the shape de ned by endmoisture dropped from 60% to 45% (volume per volume) in
member concentrations, typically by adopting di erenttraser  the surface layer between July and October 2017 but remained
by projecting the points to the closest (n-1)-dimensional gpacaround 40% at the soil-saprolite interface. We cannot rule out
(Hooper, 200}, which we adopted for the handful of points the possibility that the excursion toward zero soil moistate
that fell outside the best-t end-member space identi ed bythe soil/saprolite interface (dashed line Figure 2B) in late
PCA (Christophersen and Hooper, 1992; Liu et al., 2004 winter 2016 may be an artifact because it coincides with the
PCA and EMMA were performed using the “stats” packagédailure of other probes. The soil moisture sensor in the Bog
in the R statistical softwareL{u et al., 2004; Martins, 20).3 saprolite (dotted line) failed in mid-January 2017, but détan
Isotopes, carbon, and nitrogen were not used for these arslysiie previous year, which included an extremely dry summer
due to sampling limitations or non-conservative behavior.shows little to no change in saprolite water content in the
Analytes for which fewer than 50% of samples showe®og (data not shown). The surface soil moisture sensor in the
measurable concentrations were also excluded. For samplBeg also failed in mid-January, but resumed data collection
below the detection limit among the remaining analytes, a®al in April. This may be due to the aforementioned burial and
of half the detection limit was assumed (aftearnham et al., settling a ecting the connection of the probe to the logger,
2002). Wilcoxon tests were used to determine which potentialand the changes in soil moisture immediately before andrafte
end-members could be grouped, and stream samples taken this failure may also be artifacts. The Conifer and Drift pits
the upstream bog were excluded on this basis. EMMA resultsoth showed a small negative, downward hydraulic gradient
are presented here in scaled and centered solute concemsati for most of the melt period, becoming more negative through
rather than U-space, for ease of visualization and interpratat the summer Figure 20). The hydraulic gradient in the Bog pit
U-space models gave nearly identical results. varied over a much smaller range than in the other pits, and
We performed hydrograph separation based on thesoil was saturated for most of the year. Piezometers in thge Bo
concentrations of tracers in source and streamwater at eadnd Spring also remained saturated throughout the year. No
date, and calculated the percent of stream ow for which eachvater was detected in the Drift or Conifer piezometers, and
end-member was responsible. The fractional contributiofis othe mud present at the bottom of each piezometer dried out
each end-member were then used to calculate a modeled carbby July 2017.
concentration for that stream sample based on end-member Wellsin RME usually respond to snowmelt nearly as rapidly as
DOC concentrations. The modeled DOC was compared to theoil moisture Figure 2D). During the snowmelt period of 2017,
measured value at each date, using the fractional contdhut the soils surrounding the Aspen well were saturated, and farme
of each end-member and the carbon concentrations in the endan ephemeral wetland feeding an intermittent channel into
members on that date, to create a predicted carbon concénrat Reynolds Creek. The wetland dried as the summer progressed
for streamwater and assess the importance of source mixing \end the water table dropped, and the initiation of surface ow
riparian and in-stream processing of carbon. in the channel moved farther downstream. Piezometers wetre no
instrumented, but during frequent eld visits (at least @ekly),
water levels in the Bog piezometer were always approximately at
the surface of the stream, while those in the Spring piezometer

RESULTS were above the ground surface from March to June 2017. This
. is consistent with hydraulic conductivity tests performedratse

Stream ow, Groundwater, and Soil sites: K for surface soils wad.20 cm/day {/iurdock et al., 2018

Moisture Responses to Snowmelt while saprolite K in the piezometers ranged from 2,000 to 10,00

Precipitation events in RME occurred primarily in the fall, winte  cm/day, with the highest conductivity in the bog. Soils were
and early springKigure 2A), consistent with prior observations predominately loams. The saprolite at the Spring piezometer
of strong seasonality of dischargéigure 2E). During the 2017 site was so conductive that a slug test could not be succhyssful
water year (WY2017, October 1, 2016-September 30, 201W), snperformed with our equipment.
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FIGURE 2 | RME inputs, outputs, and changes in storage during water yea2017. (A) Hyetograph on inverse right vertical axis and snow depth oreft vertical axis at
two sites, the exposed ridge (dashed line) meteorologicaltation (176) and the wind-sheltered snow pillow site (solitine, station “rmsp”). Data fromUSDA ARS
Northwest Watershed Research Center (2017a); USDA ARS Nbmvest Watershed Research Center. (2017b)B) Volumetric soil moisture in soil pits—solid lines
represent the near-surface measurement, dashed lines repsent the soil/saprolite interface, and dotted lines repreant the saprolite at all three sites (se@able 1 for
installation depths).(C) Hydraulic gradient in soil pits between the 30-cm and soil-aprolite boundary matric potential sensors where common ngative gradients
indicate downward ow; data from a settling period after inséllation is grayed out. Note that the scale of the Bog pit diéfrs from the others.(D) Water table elevation
relative to lowest recorded level in each of four monitoringrells in RME.(E) Discharge at the catchment-de ning weir. Vertical red lineighlight (i) the early March
melt event and (ii) peak snow accumulation and increases irod moisture and water table elevation associated with therset of melt, and (iii) the end of snowmelt,
with succeeding drops in soil moisture and water tables. Syhe ts to all data are shown withl D 0.05, except for wells and discharge panels in which D 0.00001;
note that the y-axis of the discharge plot is logarithmic.

Discharge at the weir is near-zero for most of the yearHydrochemistry
increasing at the start of melt (March 2017) and peaking dgrin Rainfall and Snow Chemistry
the fastest melt period (May 2017). Discharge then drops aftéRain and snow represent the most dilute waters in this catettme
all snow has melted, and remains near-zero for the remaindess measured across all analytes, with rain being somewhat
of the year Figure 2E). Peak discharge occurs in spring or earlyhigher in solutes than snoviFf{gure 3). Concentrations of cations
summer, when snowdrifts in the catchment melt. Flow dedineidenti ed as possible tracers (Rb, Sr, and Ba, see “Sources and
following melt-out until mid to late summer, and then remain Chemistry of Stream Water” section below) in snow were 0.81
fairly consistent—often nearly dry—until the next spring line 1.80, 1.20 0.78, and 33.3 25.0mg/L (mean standard
except for brief events associated with late fall snow melt adeviation), respectively. In rain, these elements were foaind
rain-on-snow events. somewhat higher concentrations of 1.93..47,6.12 3.67, and
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FIGURE 3 | Medians, ranges, and interquartile ranges fofA—C) tracers used in EMMA,(D) DIC, (E) DOC, (F) C:N ratio, (G) SUVA, and(H) FI (see section Results for
details) for all potential water sources in RME. Note that dyione sample was collected from the Springhouse drift. Migag boxplots for lysimeters are due to
insuf cient sample to run all analyses.

55.5 43.2mg/L. DIC and DOC were found in snow at 0.36 concentrations were relatively low and invariant in piezaens,
0.08 and 1.69 1.82 mg/L, respectively (above the detectior2.90 0.87 and 2.94 0.62 mg/L in the Bog and Spring
limits of 0.05 mg/L), and were also at higher concentrations piezometers, respectively. Insu cient samples were available
rainat2.74 3.51 and 4.37 2.35 mg/L. SUVA values for DOC at the Conifer piezometer to run for DIC, and lysimeter
in snow and rain were low and very similar to each other [1.16amples were not run for DIC because sampling under higher
0.48 and 0.93n(D 1) L mg C 1 m 1, respectively]. Fl in tension can produce artifacts. Groundwater DIC concentnasi
precipitation was generally low, but variable (e.g., FI invgno were higher than in soil water; the lowest groundwater DIC

averaged 2.95 4.38). concentrations were 3.32 0.28 mg/L in the Cabin well.
DIC concentrations were higher in the Drift well at 10.80

Spatial Variation in Water Chemistry in Groundwater, 1.98 mg/L, and the highest average values of 13.44

Soil Water, and Stream Water 5.75 and 13.75 3.59 mg/L were found in the Aspen and

Soil water as measured by tension lysimeters and drivéVest wells.
point piezometers showed strikingly di erent patterns in se@ut ~ Mean DOC concentrations diered between the Dirift,
chemistry compared to groundwaterFigure 3. Mean DIC  Conifer, and Bog lysimeters, with values of 3.83.63, 1.09r{
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D 1 because the site was typically dry), and 3.23.21 mg/L, Sources and Chemistry of Stream Water
respectively. DOC concentrations decreased with depth in theCA analysis identied strontium (Sr), barium (Ba), and
Bog site, from 4.34 1.35 mg/L at 35cm to 2.43 2.29 mg/L rubidium (Rb) as the best candidates for tracers in EMMA;
at 82cm depth. Both Drift and Bog lysimeter concentrationshe principal components these cations represent explain 59%
were more variable than the Conifer lysimet&idure 3. DOC  of the variation among samples. These three tracers allowed
concentrations in the well samples showed patterns similar tdistinction between four possible end-membédfgres 3A-Q.
groundwater DIC: they were lowest in the Cabin well and highe Non-parametric Wilcoxon tests were used to determine which
in the Aspen and West wells. Average DOC concentrations in theampled waters represented distinct populations to identify
Cabin, Drift, West, and Aspen wells were 0.62.13,3.17 5.69, possible unique end-members, and median concentrations of
7.00 0.56,and 7.92 6.65 mg/L, respectively. the three tracers were plotted from all identi ed unique end-
Carbon to nitrogen ratios in the catchment were bounded bymembers along with individual stream sampleBigure 4).
the Aspen well (mean ratio [unitless] 17.21.9) and Cabin well We identied snowmelt, piezometer (saprolite) water, and
(0.6 0.1), with the Drift and West wells intermediate betweengroundwater from the Drift and Aspen wells as the end-
the two. The piezometer C:N ratios were similar to snow and thenembers that best explained observed variations in stream
Cabin well (6.3 6.8). There was insu cient sample from any water chemistry (se€igure 1C for well locations). These end-
of the lysimeters to run nitrogen analysis. Piezometer Gitibs members' concentrations ( their standard deviations) bound
were the most variable, while the Cabin and Aspen well varie83.3% percent of stream water observations. The small number
the least. of stream water samples that fell outside the mixing space had
SUVA patterns were similar to those of DOC. Mean SUVAanomalously high Sr, which we posit may have resulted from
values in soil-water ranged from 0.92 L mgtim 1inthe Drift  saprolite water traveling along an alternate unknown owpath
lysimeter to 2.87 1.70L mgC! m 1inthe Bog lysimeter and based on the contemporaneous high Sr concentrations in water
were lower than mean SUVA values from the piezometers: 5.37 sampled from the piezometers.
1.80L mgC! m 1in the Spring piezometer and 8.0627.84 L Based on the EMMA results, we calculated proportional
mgC ! m 1in the Bog piezometer. The highest groundwatercontributions of each end-member to stream ow at each
SUVA values were in the West well (7.804.511.12L mgC!  sampling dateRigures 5A-0). Snowmelt dominates stream ow
m 1). SUVA values for the Drift and Aspen wells were similarduring the melt period, providing up to 90% of stream water,
to one another and the lysimeter values at 2.200.69 and as indicated by the dilution of some chemical species during
3.00 1.83LmgClm 1 respectively. The Cabin well had an this time (Figures 5E-). As the summer progresses and snow
intermediate mean SUVA value, at 5.410.69 L mgC! m 1.  disappears, groundwater and saprolite ow contribute larger
Soil water FI values varied by location and were possibly lowgroportions of the total discharge, with groundwater providia
for the Bog (FI 1.48 0.5,n D 3) than the Drift (FI 1.70n D  cumulative 50% of stream ow on an annual basis. The snowmelt
1). FlI values varied somewhat between the piezometers, beisgnal declines through the summer but never completely
lower for samples from the Spring piezometer (1.280.20), disappears from the hydrograph, suggesting a source of dilute
and slightly higher and more variable in the Bog piezometewater that contributes to stream ow throughout the year. We
samples (1.46 1.31). Well sample Fl values were generallynote that large variability, especially in Rb and Sr in the
lower and less variable (1.34 0.06, 1.51 0.04, 1.24 piezometer concentrations across sites and during snowmelt
0.19, and 1.33 0.30 for the West, Aspen, Cabin, and Drift increases uncertainty in estimates of end-member propostion
wells, respectively).
Rb, Sr, and Ba concentrations were generally lower ifemporal Patterns of Stream Chemistry
lysimeters than wells and piezometers, although the Bobarge temporal uctuations in Rb, Sr, and Ba were observed in
lysimeter showed higher Sr concentrations than its assetia the stream Eigures 5A-Q. Ba concentrations increased during
piezometer. Rb concentrations were highest in the West welhe snowmelt period prior to peak melt, while Rb concentrations
(11.98 5.37ng/L) and lowest in the Cabin well (3.11  peaked at peak discharge and again later during the melt
1.48 mg/L), whereas Sr concentrations were highest in thderiod. Stream Sr concentrations increased fromd5 mg/L
Aspen well (94.1 37.1mg/L) and lower in the piezometers during snowmelt to a peak concentration of55 ug/L during
(Bog, 14.97 6.74; Spring, 11.88 3.16ng/L) and the Cabin late summer.
well (13.06 4.33 mg/L). Groundwater Ba concentrations  In contrast to the cations, streamwater carbon concentrai
were highest in the West well (278.35 161.14mg/L) and showed distinct seasonal patterns. Streamwater concemtsat
lowest in the Cabin and Drift wells (56.1 26.0 and 59.0 of DIC were lowest during peak snowmelt, increasing during
31.42 mg/L, respectively). Piezometer water had similathe summer months Kigure 5. In contrast, relatively stable
mean Ba concentrations to groundwater (211.294.23mg/L.  DOC concentrations were observed with snowmelt followed
for the Bog, 101.28 73.13mg/L for the Spring), while by an increase during the summer monthSiqure 5F). DOC
lysimeter waters were consistently lower (ranging from.@97 concentrations and the C:N ratid~{gure 5G) behaved similarly
236.28mg/L for the Conifer lysimeters down to 32.39  to DIC, with higher values during lower owsHjgures 5F 6A).
18.32mg/L for the Bog lysimeters). Stream water chemistrylhe slope of the log(DOC)-log(discharge) relationship i6.2
overlapped with snow, piezometer, and groundwater samples for 0.03 Rﬁdj D 0.63), which di ers signi cantly from zero (p
all solutes. < 0.001). SUVA exhibits a weak threshold response to ows

Frontiers in Ecology and Evolution | www.frontiersin.org 10 February 2019 | Volume 7 | Article 46


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Radke et al. Heterogeneous Snow, Flowpaths, and DOC

A
&
o
B eStream MAspen W APZs ¢Snow C @ Stream #Drift W A PZs & Snow
100
120
- 100 | 80
o~ =
a0 )
< 80 3
~ .60
S £
= 60 =
= =
S €40
e a0t o
+—
v 0
20 - 20
0 1 1 0 |
0 100 200 0 5 10
Barium, pg/L Rubidium, pg/L
FIGURE 4 | End-member mixing analysis shown in(A) 3D concentration space, (B) the Ba-Sr plane of concentration space, andC) the Rb-Sr plane of concentration
space. Error bars on end-member median concentrations regsent the interquartile range (IQR) of concentration digtrtions for each end-member, and are not
shown if smaller than markers. Stream samples ( lled circlgsn panel(A) progress in color from blue to red with sample date from Marctio October 2017. Note that
points that fall outside the represented polygon (as i) are still within the concentration range of each end-membe(maximum Rb concentrations for PZs and Drift W,
10.3 and 13.8 ppb, respectively). To solve for the fractionecontribution, those points are projected onto the closesplane and values are assumed to be a fractional
mix of the end-members comprising that plane (adaptation ofhe 2D method applied byLiu et al., 2004). See section Results for further discussion of this appraz.

with values 2.5-5L mgC! m 1 higher during snowmelt than (Figure 7). However, the concentration-discharge behavior of
summer months Figure 6B). Stream water FI concentrations DOC is accurately represented: lower DOC concentrations are
were relatively constant (mean 1.45), with more variapditring  observed at higher ows (i.e., during snowmelt).
melt-out (Figures 5|, 6C).

The proportional mixing modelEigure 5D) was also used to |sotopic Signatures and Melt Patterns
predict streamwater DOC concentrationBigure 7), based on Water isotopic results re ect similar mixing and owpath
the proportional contribution and DOC concentration of each temporal variation to the cation and nutrient results. The
end-member. Predicted DOC concentrations are nearly alwaysope of the regression line for the local meteoric water line
lower than observed DOC concentrations, especially durietfm (LMWL) is 6.9 0.5 (SE), and the intercept is10.1 7.0
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FIGURE 5 | Time series of tracers in streamwater sample§A—C) with spline ts (I D 0.0002). Contributions of each end-member to stream ow fromMarch to
October 2017 (D) calculated using EMMA with the above tracers. Because samplg frequency increased around peak ow, there are more abrupchanges in
proportion estimates at this time. Spline ts to DIC, DOC, C:Natio, SUVA, and FI valuegE-I)in the same streamwater samplesl( D 0.05). Samples could not be run
for DIC or TN after August due to equipment failure.

(SE) & D 0.98, Figure 8A), within the range of values the other hand, is highly evaporated, with a slope of 3.1
expected in the continental United Staté&(dall and Coplen, 0.9 (SE), which is signi cantly di erent from the LMWL,
200). The isotopic regression line for stream water samplestreamwater, and soil watep (D 0.0048, 0.001, and 0.0069,
in RME has a slope of 6.1 0.5 (SE) Figure 8B), which  respectivelyfigure 8D).

does not dier signicantly from the slope of the LMWL Isotopic signatures of water in the wells at RME are heavier
(p D 0.22). Stream water isotopes become heavier as tlering the early melt stages in May and become lighter and
summer progresses, indicative of evaporatidterfdall and closer to the local meteoric water line (LMWL) as the snowpack
Coplen, 200). Water collected from the suction lysimeters disappears in JulyRigure 8E). The regression slope of all well
in the soil has a slight evaporative signal, with a regressiosamples is 4.8 0.8 (SE), which does not signi cantly di er from
slope of 6.5 0.5 (SE) Figure 8Q that also does not dier the piezometerg D 0.18) or lysimeterg D 0.10) regression
from the slope of the LMWL § D 0.53) or the streamp( slopes, but diers from the LMWL and stream water slopes
D 0.54). Water drawn from the piezometers in saprolite, on(p D 0.047, 0.037, respectively).
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FIGURE 6 | Discharge at the outlet to RME, plotted in log-log space agaist
(A) concentration of dissolved organic carbon,(B) SUVA, and(C) FI. DOC is
highly variable at low ows and exhibits slight dilution at lgh ows, SUVA
increases with Q, and FI remains relatively unchanged. Twaudiers are not
plotted here to facilitate visual comparison among all othresamples: one snow
sample with a very high Fl and one bog piezometer samples wita very high
SUVA. Insuf cient sample was available to run the latter for mate.

Geophysics: Electrical Resistivity and

Seismic Velocity Data
Seismic velocities on Line 4 range from300 m/s at the
surface to>4,000 m/s at depths of 40-70 nrigure 9A). In

the volcanic rocks that comprise the watershed here, veligity
primarily controlled by porosity, with low velocity correspoind

to high porosity and vice-versa. The seismic results thuscatei

a downward decrease in porosity in the upper few tens of
meters of the subsurface. In this environment, we expect
that porosity in the shallow subsurface is primarily conteall

by degree of chemical weathering, the opening of fractures,
and pre-existing porosity due to vesicles and ow boundaries
in the volcanic rock. The electrical resistivity inversiom o
the northern half of Line 4 shows a shallow, high-resistivity
(1,000-10,000 ohm-m) layer of variable thickness over #hror
dipping layer with lower resistivity (5—-25 ohm-m). The low-
resistivity layer rises toward the surface at the stream—a
pattern seen on several other lines in this watershed. The
southern part of Line 4 shows more complexity, with a low-
resistivity body approaching the surface. Low resistivity can
be caused by either clay minerals or water saturation, but the
correlation of the low-resistivity layer to an observed auod
bog and stream strongly suggests that water saturationralsnt
resistivities here.

Taken together, the seismic velocity and electrical redigti
results allow an interpretation of subsurface architecture
including a hard-rock aquifer at depth. Previous seismic
investigations in crystalline rock have interpreted thens#ion
from saprolite to fractured/weathered bedrock to occur at
velocities around 1,200-2,000 m/s (e@@gna et al., 2010; Befus
et al., 2011; Holbrook et al., 2014; Flinchum et al., 20%8ce
we lack drilling data connecting porosity to composition and
weathering at our site, we approximate the saprolite/fractured
bedrock transition at around 1,500 m/s. The velocity of infac
unweathered latite or basal/¢Intyre, 1972 at these depths is
expected to be around 5,000 m/s, depending on initial porosity
(e.g.Christensen and Salisbury, 197Fhus, the seismic results
suggest a layer of saprolite that is 10—-30m thick, overlying
a layer of fractured and weathered bedrock that is 25-50 m
thick. While clay minerals are one possible explanation fav lo
resistivities, we would expect clay content to be greaterus lo
velocity, weathered saprolite, but on our transect the |@lewity
layer has the highest resistivities, arguing against clayeot
as the primary signal. Therefore, given the absence of mapped
geological boundaries here, the resistivity data likely dath
the presence of water in the subsurface, with lower resigtivit
corresponding to higher water content. Moreover, the deep; low
resistivity layer has an orientation that matches velesitof

2,000-3,500 m/s, velocities appropriate for fractured bddroc
(O'Connell and Budiansky, 19y4We therefore interpret the
low-resistivity layer on the northern part of the line as a pdee
aquifer that connects to the surface at the location of theast.
It is unclear whether the southern low-resistivity zone isoal
an aquifer, though its orientation is suggestive of a regbar
zone; while the low-resistivity zones appear disconnectedis
transect, they may be the same aquifer, with areas of colomect
outside the plane of the resistivity transect. Thus, moving
down from the surface, the subsurface architecture consists
of soil, relatively unsaturated saprolite (during the summer
months), a fractured/weathered bedrock aquifer, and wall
intact bedrock.

Frontiers in Ecology and Evolution | www.frontiersin.org 13

February 2019 | Volume 7 | Article 46



Radke et al. Heterogeneous Snow, Flowpaths, and DOC

FIGURE 7 | Modeled (gray) and measured (black) DOC concentrations féteynolds Creek streamwater, based on outcomes of the propdional-mixing model.
Measured concentrations displayed with 10% analytical eor, which is conservative: actual measurement errors may bkess.

DISCUSSION where soil waters have a composition more similar to stream

water Grant et al., 2000 Soil saturation data from this study
What Paths Does Meltwater From Seasonal supports limited lateral connectivity of hillslope soils toeth

Drifts Follow on Its Way to the Stream? stream Figure 2B). Instead, this snowmelt signal may derive
Our results suggest four sources of streamwater: snowmeftom the Springhouse drift outside the watershefigure 1B
ow through the saprolite, and two groundwater owpaths. drift No. 4); October samples from a stream fed directly from
Of these sources, snowmelt and groundwater were expectedthyis drift have Ba, Sr, and Rb concentrations very similaniovs
snowmelt in springtime is generally the largest hydrologiqt is possible that soils and rocks along the owpath from this
event in this catchment, and a perennial stream in an aregrift have been so thoroughly leached by several metersrofain
with little summer rainfall can almost be guaranteed toprecipitation that they now contribute few dissolved ions. Tisa
have groundwater contributions. The existence of multiplehe subsurface has been deeply weathered and advectivéetrans
groundwater sources, and the presence of a saprolite layiagact of solutes has already depleted these locations of readilplso
as an aquifer, were unexpected. We propose that the di erencegaterials Berner and Berner, 20).2
in groundwater chemistry derive from di erences in the distas An alternate explanation for this improbable snowmelt signal
from snowdrifts to the stream. We also suggest that the séprol jies with the Cabin well. This well is deeper (30 m) than other
owpath re ects a change in saturated hydraulic conductivity wells in the catchment and may intersect subsurface owpaths
between soil, saprolite, and bedrock, creating a perchedequi fed by the Springhouse drift. The Cabin well plots in the center
This change in conductivity also inhibits lateral soil camtivity  of the stream samples in the EMMA presented Figure 4
in this catchment; instead the more hydraulically conduetiv The concentrations of tracers in the Cabin well samples are
saprolite acts as a preferential owpath precluding the activat not variable enough to explain all the variation in stream evat
of lateral owpaths higher up in the soil. chemistry Figures 3D—H), and the median concentration is not
Snowmelt dominates discharge until mid-June, whenyistinct enough to identify the Cabin well as a potential end-
groundwater and saprolite ow become more important. Themember. Itis possible that the majority of late-season stream
continuing snowmelt signal during snow-free periods sugmes s derived from this source, but it is indistinguishable e
a dilute source of water in the subsurface. In some systemgethods applied here.
soil water would be a candidate source that is more cheryicall Groundwater in this catchment appears to follow more than
dilute than groundwater, and indeed sampled upland soil watergne owpath on its way to the stream. Water from the Aspen
in RME are chemically very similar to snowmeFigure 3.  well is more chemically variable than water from the Driftllyi
However, previous modeling work in this catchment hasye infer owpaths from surface topography, water in the Drift
suggested that soil saturation is limited to the riparianraor,  well would have a short travel time from the East snowdrift
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FIGURE 8 | Water isotopes for all waters in RME, by source(A) precipitation, (B) stream, (C) soil water, (D) saprolite water (piezometers), andE) groundwater.
Points represent samples; point colors progress from blued red as the sample dates shift from March to July 2017R§d. for all regression lines varies between 0.7
and 0.97; note that for comparison purposes, axis ranges aréield constant across all panels although sample variabyjiis damped in subsurface samples relative to
precipitation. The local meteoric water line was determirgtby a regression of the precipitation samples. Regressiorinies are extended beyond measured points for
visual clarity, and regression formulas are included for ea group of samples.

directly uphill (Figure 1B, No. 1), while water in the Aspen well This could be indicative of the presence of last summer's soil
could also potentially consist of water from the East drifdan water in the aquifer, or it could re ect isotopic fractionatian
another drift located between the two welBigure 1B Nos. 1  the snowpackTaylor et al., 2001 In the latter case, snowpacks
and 3, respectively). If the Aspen well were fed by the Eadt drifbecome lighter as melt progresses, and groundwater also lescom
that water would have to travel a longer distance, and a# eldighter from the beginning to the end of melt, as the lighter
equal, would be expected to have a longer travel time and high&otopes eventually enter the aquifer. However, there desve
solute concentrations. Multiple water sources could explhm t in that water entering the aquifer at the beginning of melt is
greater variation in hydrochemistry in the Aspen well, asldou not, in fact, this year's snowmelt. Theoretically, soil evain
the surface saturation observed at that site during snowmel  the capillary fringe should be subject to evapoconcentration
Isotopes in groundwater indicate a rapid response tdbecoming enriched in heavier isotopes), while water located
snowmelt, becoming lighter over the melt perioBigure 8.  below this fringe in the saprolite and bedrock is not interagti
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with the atmosphere Allison, 199§. In RME, the reverse The presence of barium in snow suggests there is some

was indicated. Water sampled by lysimeters did not show aatmospheric deposition of this element in RME, but we lack

evaporative signal, while water from the piezometers waslhhighdata to test this theory. Barium is not reported at the nearby

evaporated. Based on this, we suggest that soil water whitational Atmospheric Deposition Program (NADP) National

cannot be sampled under 60 kPa tension remains in small pordgends Network site ID11. Snow is almost entirely lacking in

through the summer, where it is subjected to evaporation,iand strontium or rubidium, indicating little interaction withthe

then ushed to the saprolite by spring melt. This would explainigneous bedrock of the catchment. Snow is only slightly more

both the larger evaporative signal and the higher conceiatnat  dilute than soil water samples from the Drift and Conifer pits,

of Sr, Ba, and Rb in saprolite waters than in sampled soil watersuggesting that soil water moves quickly through the sothi

It would also explain the “lightening” of groundwater during saprolite during the wetter portions of the yeaBi@nt et al.,

the melt, as the initial pulse of water to the aquifer represent2009. This is consistent with both the “ ushing” and “ Il and

evaporated soil water from the previous year. spill” hypothesesKoyer et al., 1997; Tromp-Van Meerveld and
The o set of the stream samples from the local meteoridVicDonnell, 200%.

water line suggests that the source of streamwater hasdglrea Stream samples from May 8th to 11th and June 19th are

fractionated, which is consistent with saprolite water pdiwng  anomalously high in strontium in comparison to all other dates.

a major portion of stream ow Eklash and Farvolden, 1979; However, they fall within the range of Sr in saprolite water; Sr

Kendall and Coplen, 2001Stream water should be evaporatedconcentrations in piezometer samples on those same dates are

relative to precipitation Kendall and Coplen, 2001In RME, also above the median value. There is no clear correlatidmesit

the line of best t for stream water isotopes had a slope of 5.%xcursions to melt or rainfall events.

which di ers signi cantly from both the global meteoric wate

line (slope of 8) and the local meteoric water line de ned from A Conceptual Model of Subsurface Flow
precipitation (slope of 7). The dierence in slope between thecrom  our geophysics data Figure 94), we determined
local and global meteoric water lines could be due to evapmat i ee hypothetical subsurface owpaths (shallow  soil
of rainfall in the atmosphere under extremely low-humidity sapolite/bedrock interface, and bedrock aquiféigures 9B,G.
summer conditions{endall and Coplen, 2001 Our hydrochemistry suggests that of these three possible
Dierences in matric potential between the upper (near oy paths, only the saprolite/bedrock interface ow and ow
surface) and lower (soil/saprolite boundary) matric potehti thyough the aquifer contribute signicantly to stream ow.
probgsmthe Driftand C_:onlfer p|tS|r_1d|cate_ an average hydi[_au Overland ow is not represented in this gure; however, we
gradient of 6 cm/cm in these soils during the melt period. gpserved expansion of the ephemeral channel network during
Combined with the high conductivity of the soils, this sug®e  gnowmelt, suggesting that much of the meltwater enters phbn
a“wetting-up” process in the soil pro le, similar to that obsed  ¢jose to the snowdrit it derives from, and has little intetian
in Dry Creek byMcNamara et al. (2005]he high conductivity  yith the soil. When the catchment is dry (late summer through
of the saprolite layer suggests that saturation occurs instiie winter), the water table is below the soil pro le, and soil et
pro le only once saprolite is saturated, and further supports ou o, the hillslope is disconnected from the streafigure 98).
hyp_othe5|s that the_ saprolite layer is acting as a perchedearqwauring the melt period, the water table rises, wetting the, st
during the melt period. soil water from the previous summer is ushed into the deeper
Given the tendency of all the tracers used for our EMMAgayrated zone, whence it ows to the stream and snowmelt
to concentrate in felsic rocks, it is reasonable to assunee ”‘(Figure 90). There is su cient ambiguity in the ERT data that
m_ajority of streamwater in RME is inter_acting with_ the soil and ;g aquifer may be intersected by all or none of the 15m deep
with the surface bedrock layers (rhyolite and latitécintyre,  \yelis or the 30 m deep Cabin well. This data does not allow us

1979. Barium is the 14th most common element in crustaltg ge nitively conclude that the Cabin well draws on a separate
rocks; it concentrates in felsic magmas and can substitite faquifer from the other wells in the watershed.

Cain feldspars%alminen et al., 2005Strontium and rubidium
are both associated with hydrothermal alteration, and ca . .
substitute for potassium in feldspars, micas, and cl&ygsriinen qs Soil Water a Major Component of the
et al., 2005 The presence of hydrothermal alteration in RME Hydrograph, or Is Carbon Transported
is attested to by the occurrence of hydrothermally emplaced\long Another Subsurface Flowpath?
mineral deposits in the nearby DeLamar mingasor et al., Although we expected to see SOC become DOC through
1989, and by opal observed during eld work in a gully draining lateral connectivity of soils and streams, consistent with th
into the stream. ushing hypothesis, we found that when the saprolite becomes
The saprolite in this catchment formed from weathereda preferential ow path, soil water does not directly contribuo
rhyolite and latite {icintyre, 1972, and is generally high in stream ow. Yet soil is the major reservoir and source of DOC—
clay. This would explain similar concentrations of rubidiland  thus, DOC must be carried to the stream by saprolite water
barium in saprolite waters and groundwater. Strontium is muc or groundwater. DOC concentrations are higher in the Aspen
lower in saprolite water than in groundwater; this may beteth and Drift wells than in the stream, and very similar in the Bog
to a reduced tendency for Sr release from feldspars in coldgsjezometer; only the Spring piezometer has much lower DOC
acidic soils compared to Rb and Bag(minen et al., 2005 concentrations than the streamFigure 3B). Saprolite water
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FIGURE 9 | Geophysics results and conceptual models of RME. X-axis isistance from the main stem of Reynolds Creek; the Bog pit is ated at a secondary
channel. (A) Color scale shows log g electrical resistivity according to color bar at left. Whetlines show seismic velocity contours from seismic inversi (italicized
numbers in m/s).(B,C) Water table elevation in late summer compared to during snomelt. Summer water tables(B) are lower, leaving soil water stranded in the
unsaturated zone and unable to reach the stream. With the ores of melt, the water table rises(C) and soil water is ushed to the stream. Groundwater in aquifemay
be sourced from an adjacent catchment. Note that conceptualgures represent a transect passing through the soil pits wtih is slightly offset from the geophysical
transect, hence the difference in slope pro les; they also reresent a shorter horizontal distance from the stream.

DOC quality was the most similar to stream water of the potainti 2009. Instead we observe processes analogous to those found by
sources, suggesting that saprolite water is the major soofrce Gannon etal. (2018ndZimmer and McGlynn (2018)who both

DOC to Reynolds CreekHgures 3E-H. Thus, we conclude emphasize the importance of complex subsurface connections.
that while SOC is the primary carbon source for stream DOCThe detailed mechanisms di erGannon et al. (201%mphasize

in this system, the owpaths are not controlled by laterall soi distal-to-stream connections driven by shallow soils au
connectivity to the riparian zone, but rather by in ltratioto  bedrock andZimmer and McGlynn (2018highlight the role

the saprolite layer underlying the soil. This work contrasith  of frequent storms driving shallow subsurface connections—
the ushing hypothesis, or settings in which DOC concentoatt ~ whereas here we emphasize soil-saprolite connections driven
correlate with riparian groundwater depths (elgiamdar et al., by drift-melt pulses. These ndings, in addition to our retsl
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demonstrate that, although hydrological controls areicat 200J). Because all streamwater has to transect the hyporheic and
for estimates of aquatic carbon uxefR@ymond and Saiers, riparian zone Bishop et al., 2004; Winterdahl et al., 2)1the
2010; Leach et al., 2016; Webb et al., »0it8s important to  signal would still be terrestrial and exhibit low FI valu€s(drial
understand the spatial and temporal constraints on hydralogi et al., 201} Given the high concentrations of carbon in saprolite
processes that drive stream ow. Our observations also f[gghl and groundwater Figure 3), it seems likely that the majority of
the risk of using DOC itself as a tracer: even if the source dDOC in RME is derived from decomposed soil organic matter of
carbon for a given catchment is correctly identi ed, thesed terrestrial origin.
risk that owpaths will be oversimpli ed if all SOC is assumexl t Regardless of the DOC source, we can be con dent that there
become DOC by lateral ow of water through soils to the streamis little to no leaching of SOM from surface soil horizons hgy
the summer months. The lack of precipitatioRigure 2A) and
. hydrologic connectivity, as shown by extremely low soil staie
What Are the Patterns of DI,SSON.ed during the summer monthsKigure 2B, and modeled inGrant
Organic Carbon Concentrations in Stream et al., 200, mean that there is no mechanism for leaching these
and Source Waters? horizons until snowmelt.
In contrast to our expectation that DOC would increase with
increasing discharge&s@nderman et al., 20))@ dilution pattern
was observed where increasing discharge led to lower Dotitegrated Processes Control Carbon
concentrations. Discharge in RME peaks with peak snowmeIMiXing
then declines until mid to late summer. DOC concentrations,We integrated multiple lines of evidence, including indic#s
in contrast, are highest during late summer and lowest dgirin DOC composition, and performed end-member mixing analysis
the melt period. This is inconsistent with the ushing hyposie, using relatively conservative tracers to determine thercesi
where DOC-rich riparian zones become saturated and ush DOMf both stream water and DOC in a snowdrift-dominated
into streams during snowmeltBoyer et al., 1997; Sandermanheadwater catchment. Even though soil water is not a major
et al., 200R Rather DOC appears to concentrate in soil wateisource of stream ow in this catchment, soil organic carben i
during dry periods and be ushed vertically by piston- ow the primary carbon source. The explanation for this apparent
mechanism to the saprolite/bedrock interface during snoltme inconsistency in sources requires a fuller understandihthe
From there it moves laterally to the stream, which accouats f hydrological processes at work in the study catchment. These
the observed dilution pattern, as surface snowmeltis cbating  results are comparable with those @farroll et al. (2018)
signi cantly to stream ow during this period. who similarly found that soil water was not a major direct
Weak DOC dilution at high ows is also inconsistent with component of stream ow, but traveled along deeper and vaeabl
emergent chemostatic behavior for DOC, and may be explaineslibsurface pathways.
by the factors invoked inCreed et al. (2015%at the event Because more than 70% of precipitation in RME falls as snow,
scale, they invoke stability in owpaths to explain chemoistas and is stored in the form of wind-created snowdriftslgyak
we surmise owpaths in RME are not stable at the eventt al., 2010; Reba et al., 2)1these drifts are the ultimate
scale, and so create chemodynamic conditions. We suggast tisource of stream ow in RME. However, the dierent paths
saprolite/bedrock interface ow istemporally variable (cimtsnt  that water takes to the stream determine stream water cheynist
with its variable contribution to stream ow shown iRigure 5D),  and DOC content. SOC leached to the groundwater throughout
and soil water ushed to this interface during melt mixes rnon the catchment reaches the stream through deep owpaths as
conservatively with other soil waters. well as owpaths that follow the soil-bedrock interface. DOC
Higher discharges are associated with lower DOC but higheroncentration varies little in time, but sources are inciegly
SUVA, indicating that snowmelt carries aromatic, possiblya ected by microbial processing as the summer progresses.
“fresher” DOC into the stream. During low discharge summer Stream ow in RME is primarily derived from snowmelt and
times, DOC concentrations are high and SUVA values are lowgroundwater, with the groundwater owpaths being divided
which could indicate that autotrophic processes (algae in thbetween shallow saprolite ow and ow through a deeper
channel) over the summer produce DOC of low aromaticity.fractured-bedrock aquifer. Groundwater is derived fromil so
However neither DOC dynamics during winter low- ows, nor water displaced by snowmelt by piston-type ow, where melting
the consistently low, terrestrial Fl valueddKnight et al., 200l snow drives antecedent soil water vertically down throubé t
can be explained by this process. Another possibility is thgt bopro le into the saprolite and bedrock aquifers. This is shown
and near-bog saturated soils serve as the major source ofinOChby the SOC-like carbon signatures of saprolite and groundwater
late summer. A similar pattern was found IB3anderman et al. and the distinct geochemical ngerprints of water from these
(2009) and is in agreement with the low FI values but doesaquifers. Stream water in RME shows little evidence of lasei&l
not explain the low summer SUVA values. Lastly, delivery ofonnectivity, which we did not expect, given the importance of
highly decomposed organic carbon from deep soil horizondatou this mechanism in other studies. Carbon exported by Reynolds
drive stream water DOC over the summexd et al., 200§.  Creek owing from RME is derived ultimately from SOC, but the
DOC delivered through deep ow paths should have low SUVAdilution behavior displayed by DOC with increasing discharge
values because aromatic moieties are removed by interagith ~ suggests some form of source or rate limitation for carbguoei
mineral surfacesNeier et al., 1999; Chorover and Amistadi, during the melt period.
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Comparing modeled DOC concentrations based on EMMAof both groundwater sources are much smaller than those of
partitioning to measured DOC values for streamwater on thesnowmelt. This may suggest that SOC is more soluble during
same dates shows a consistent model under-prediction obearb the snowmelt period than are than the inorganic tracers, used
content (igure 7). There are several possible explanationsluring the snowmelt period, and so the groundwaters export
for the additional stream DOC not captured by the model.more DOC than might be expected based on the EMMA
Autochthonous carbon could be a culprit, as could unidendi e alone. It may also indicate unsampled preferential owpaths
sources of allochthonous organic matter. In-stream productt high in SOC that route meltwaters to the stream, perhaps
is highly variable in headwater streams, and often lowenthaalong root channels. Snowdrift-dominated, dryland heathwva
in larger downstream systems&igher and Likens, 1973; Creed catchments may largely bypass near-surface owpaths, but
et al.,, 201p Despite the presence of macrophytes in thestill export large DOC uxes if SOC can be readily ushed
channel, stream DOC indices from RME were consistent witlduring the melt period. While this study leaves signi cant
terrestrial carbon sources. While the majority of the watexd is  room for detailed future studies of the impacts of preferentia
shrub/grassland or conifer forest, the near-stream ripadane and variable owpaths, carbon solubility, and in-stream camb
was dominated by deciduous trees, which could provide a sourcycling, it does indicate that the use of DOC as a tracer
of terrestrial DOC not transported through the subsurfacefor water sources has problems beyond the non-conservative
However, the carbon-to-nitrogen ratios of the stream andrse  nature of carbon. Consistent with the work @&farroll et al.
waters are very similar, suggesting limited addition obecarto  (2018) studies using DOC tracers to suggest a high proportion
the stream from other sources. Increasing DOC in late summeof lateral soil-water ow entering streams may deserve re-
and autumn is common in headwater streams, linked to higheevaluation.
temperatures increasing turnover and solubilityalwson et al.,

2008; Koenig et al., 20).7n fact, Koenig et al. (2017inferred  CONCLUSIONS

that site-to-site seasonal consistency in this pattern wasen

function of DOC generation than the bypassing of surfacessoilin this system, the seasonal ushing of soil water to grouatiw
because it was una ected by variations in seasonal snowmddyy snowmelt creates an isotopically enriched groundwater
patterns among sites. Seasonally declining SUVA values at RMBurce with a DOC signature from soil organic matter. This
indicate that late-summer DOC is more bioavailable thanidgr groundwater source sustains stream ow and DOC uxes
the rest of the yearRerdue, 1998; Weishaar et al., 20Ghd  during a long dry summer. Variable subsurface owpaths can
the concurrent slight increase in Fl suggests microbial pssing increase spatial heterogeneity of water and carbon delitery
may increase in late summekKgng and Mitchell, 2013; Hosen streams, but may decrease temporal variability. Repeated high
et al., 201 Fl values are relatively consistent throughout theresolution geophysical surveys could help constrain the owpat
year suggesting that carbon sources are consistent asTiell. and processes controlling this delivery. These e ects may be
exception is a drop in SUVA values and a slight increase iespecially important in semi-arid or seasonally dry systems,
FI values toward the end of the year which is in agreemenivhere perennial streams rely on above- and belowground water
with increased microbial processing, possibly decomposirfg leatores that can dampen the e ects of seasonal variations in
litter from riparian vegetation. Another possible source djlier  precipitation. In mountainous settings like RME, the formation
DOC during spring melt is macropore water, or soil waterof snow drifts can increase spatial variability in water,iarat
draining under zero tensionSanderman et al. (2008howed and DOC delivery to groundwater and the stream. Further
higher DOC concentrations in macropore compared to matrixwork to distinguish the possible role of preferential owpaths
(lysimeter) water; these macropore waters overlapped witfrom drift accumulation areas, and feedbacks between rift
SOC concentrations. Finally, we cannot rule out an incongletand vegetation, are needed. For example, in drift areas,
hydrological model: given that the PCA used to generate thgreater water availability might lead to increased vegmiat
EMMA accounted for only 59% of total variance in streamwateigrowth, and associated organic matter accumulation. Akéely,
chemistry, it is possible that we overlooked a owpath withbecause of a shortened growing season and overwinter drift
higher DOC. movement, drift areas might have less vegetation and lower

It is also clear that the use of DOC quality or quantity to organic matter accumulation. Snow fence experiments reveal
determine water end-members in RME would not give the sameome impacts of snow drifting, but not the potential long-
results as the use of cations in an EMMA, as can be seearm feedbacks. Furthermore, as the rain-snow transitiorveso
from the attempt to create a carbon model using the fractionalip in elevation—into currently drift-dominated systemskdi
contributions of end-members to stream owF{gure 9. The RME—understanding changes to belowground storage becomes
quality of carbon as determined by SUVA and FI indicates @&ssential. Using geophysical imaging to constrain shifts in
soil carbon source, which in the absence of other data (sodominant owpaths and transmissivity could be a powerful
water samples and EMMA) would suggest signi cant lateratechnique to predict impacts on groundwater as climate changes
ow through the soils—a owpath not supported upon further If groundwater is no longer replenished by a large pulse
examination. Based on quantity alone, accidental repetitioof water during snowmelt, or if the snowmelt is no longer
one would expect a larger contribution from the Aspen wellconcentrated in a small area within the watershed, a shift in
would be expected than is indicated by the Ba/Sr/Rb EMMAthe timing and magnitude of both water and carbon uxes
Alternatively, the use of SUVA would yield a larger proportidn o would be expected. Given the essential connection between
piezometer water. In the cation-based EMMA, the contributionssnow-dominated headwater systems and the ability of mdanta
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areas of the world to sustain human populations, understagdin FUNDING
the coupling of carbon and water in these catchments should be

a high priority for future research. This study was conducted in collaboration and cooperatiothwi
the USDA Agriculture Research Service, Northwest Watershed
DATA AVAILABILITY Research Center, Boise, Idaho, and landowners within the

Reynolds Creek Critical Zone Observatory (RC CZO). Support
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