
R E S E A R CH A R T I C L E

Snow drought reduces water transit times in headwater
streams

Catalina Segura

Department of Forest Engineering, Resources

and Management, College of Forestry, Oregon

State University, Corvallis, Oregon, USA

Correspondence

Catalina Segura, Department of Forest

Engineering, Resources, and Management,

College of Forestry, Oregon State University,

Corvallis, OR, USA.

Email: segurac@oregonstate.edu

Funding information

National Science Foundation, Grant/Award

Numbers: 1943574, LTER7 DEB-1440409,

LTER8 DEB-2025755; USDA National

Institute of Food and Agriculture, Grant/Award

Number: McIntire Stennis Project OREZ-

FERM-876

Abstract

Knowledge of water transit times through watersheds is fundamental to understand

hydrological and biogeochemical processes. However, its prediction is still elusive,

particularly in mountainous terrain where physiography and precipitation change

over short distances. In addition, much remains to be studied about the impact of cli-

mate change on transit time as it continues to change precipitation form in mountain-

ous terrain. Water isotopic ratios were used to evaluate mean transit time (MTT) and

young water fractions (F�yw) in seven small mountainous watersheds in western Ore-

gon over the 2014–2018 period that included a major regional snow drought in

2015. The MTT was shorter in 2015 across all watersheds compared to any other

year while the F�yw was larger in 2015 than in any other year. The short transit times

observed in 2015 could be related to low connectivity between surface water and

older ground water which resulted in a homogenous hydrologic response across all

the investigated watersheds despite their physiographical differences. The 2016–

2018 MTT vary widely across all watersheds but especially within the smaller high

elevation watersheds indicating that the impact of the 2015 snow drought was stron-

ger for systems that depend heavily on snowmelt inputs. During relatively wet/cold

years intrinsic watershed characteristics such as drainage area and terrain roughness

explained some of the variability in transit time metrics across all watersheds. Shorter

transit times during the drought have implications for water quality and solute con-

centrations as biogeochemical processes are controlled in part by the time water

resides and interacts within the subsurface. Although the impact of the 2015 snow

drought appears short-lived these results are particularly critical considering the

expected regional snowpack decline as the climate warms in the western

United States.
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1 | INTRODUCTION

Understanding the physics that drives the hydrologic response of a

watershed to precipitation is fundamental to predict water supply and

the linkage between water movement and biogeochemical cycles.

While the prediction of total discharge is often possible, the predic-

tion of the relative time source (or age) of the water exiting a water-

shed is more complicated. Water age depends on factors that control

the amount and form of the water input and the movement, mixing,

and storage of water in the landscape. The understanding of these
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processes is particularly crucial for headwater streams because water

quantity and quality of freshwater systems depend on inputs from

these smaller streams (Lowe & Likens, 2005). In these systems, many

located in mountainous terrain, the prediction of water movement is

complex because water storage capacity and overall water input mag-

nitude and form vary over short distances given variable physiography

(geology, geomorphology, and topography) and water inputs (rain ver-

sus snow). Furthermore, understanding patterns of water storage and

release to downstream locations is critical because the hydrologic

regime in many headwater streams is expected to change under pro-

jected declines in snowpack (Mote et al., 2018; Verfaillie et al., 2018).

In the Pacific Northwest watersheds are particularly vulnerable to the

impacts of climate because they depend on both winter rain and

spring snowmelt (Vano et al., 2015).

Tracers such as water stable isotope ratios have been extensively

used to estimate the travel time of water in terms of transit time distribu-

tions which reflect characteristic information about flow paths, storage,

and sources of water (McGuire & McDonnell, 2006). The mean transit

time (MTT) has been inferred in a variety of environments using lumped

convolution modelling approaches (e.g., Bansah & Ali, 2019; Heidbuechel

et al., 2012; Hrachowitz et al., 2010; McGuire et al., 2005; Mosquera

et al., 2016; Soulsby & Tetzlaff, 2008). These approaches assume steady

state conditions which have been shown to suffer from aggregation

biases (Kirchner, 2016a; Kirchner, 2016b) especially when capturing

short term features of the hydrologic response (Botter et al., 2010).

Alternative time-variant approaches based on high resolution data have

been proposed (e.g., Benettin et al., 2015; Benettin et al., 2017; Botter

et al., 2011; Harman, 2015). Although the computational cost (Seeger &

Weiler, 2014) of these approaches has become more manageable, the

detailed tracer data required (Harman, 2015; Heidbuechel et al., 2012)

remains a considerable constrain. Thus, although significant debate exists

about the bias associated with the steady state condition assumption of

the lumped convolution approach, it remains the most feasible alterna-

tive for studies with relatively sparse data (weekly–monthly sampling

campaigns) which focus on the understanding of hydrologic processes

rather than on the advancement of transit time modelling methods

(Seeger & Weiler, 2014; Bansah & Ali, 2019).

Regardless of the method, transit time models are ultimately

intended to describe water storage and release dynamics. As such

many previous efforts have been focused on finding relationships

between MTT and spatial intrinsic watershed characteristics such as

topographic metrics (Hrachowitz et al., 2009; McGuire et al., 2005;

Mosquera et al., 2016; Mueller et al., 2013; Tetzlaff et al., 2009), geol-

ogy (Gabrielli & McDonnell, 2020; Hale & McDonnell, 2016), and soils

characteristics (Capell et al., 2012; Soulsby & Tetzlaff, 2008). How-

ever, the results are site specific, preventing wide generalizations. For

example, contrasting results have been found about terrain slope as a

MTT controlling factor with some reporting strong correlations

between MTT and slope or slope derivates (e.g., Leach et al., 2020;

McGuire et al., 2005; Mosquera et al., 2016; Soulsby et al., 2006) and

some reporting weak correlations (e.g., Seeger & Weiler, 2014; Hale &

McDonnell, 2016; Bansah & Ali, 2019). Furthermore, studies have

illustrated dynamic temporal variability in MTT within sites, depending

on variations of precipitation input (Heidbuchel et al., 2013;

Hrachowitz et al., 2009; Seeger & Weiler, 2014).

The young water fraction was recently introduced as a transit

time metric that is not subject to aggregation bias (Kirchner, 2016a;

Kirchner, 2016b). The young water fraction represents the proportion

of a watershed outflow that is on average less than 2–3 months old.

This metric has been used in a variety of environments, for example,

boreal landscapes (Jutebring Sterte et al., 2021), karst environments

(Simon et al., 2019; Zhang et al., 2020), and tropical watersheds (Trinh

et al., 2020). In mountainous regions several studies have been con-

ducted in European watersheds (Ceperley et al., 2020; Garvelmann

et al., 2017; Stockinger et al., 2019) and North America (Campbell

et al., 2020; Zhang et al., 2018). Like in the case of MTT, landscape

features such as terrain slope derivates (Jasechko et al., 2016; von

Freyberg et al., 2018) and bedrock ground water (Garvelmann

et al., 2017), appear to control some of the observed variability in

young water fraction. Discharge variability (Lutz et al., 2018; von

Freyberg et al., 2018) and precipitation amount and form (Campbell

et al., 2020; Ceperley et al., 2020; Stockinger et al., 2019; Zhang

et al., 2018) also have explained young water fraction variability.

The objective of this article was to investigate the influence of the

2015 snow drought in the temporal and spatial variability of transit times

across seven small headwater mountainous watersheds. Water isotope

ratios collected between 2014 and 2018 were used as tracers to esti-

mate mean transit times with the convolution approach as well as annual

young water fractions. The results illustrate that the conditions during

the 2015 snow drought resulted in faster mean transit times and larger

young water fraction contributions than any other year.

2 | MATERIALS AND METHODS

2.1 | Study area

This study analyses the effects of the 2015 snow drought in runoff

generation at seven nested watersheds in the Andrews Forest in the

Western Cascade Range of Oregon (Figure 1). Mean elevation in the

watersheds varies between 707 and 1195 m draining 21.4–6400 ha

(Figure 1, Table 1). From high to low elevation: WS 07 and WS

08 drain into McRae Creek (MR), while Mack Creek (MACK) and WS

02 drain into Lookout Creek (LOOK), WS 01 also drains into LOOK

downstream of the LOOK grab sampling site (Figure 1). The geology

of the Andrews Forest is shaped by volcanism. Areas below 760 m

(lower portions of WS 01 and WS 02) are underlain by hydrothermally

altered volcanoclastic rocks consisting of massive, reddish and buff-

coloured tuffs and breccias derived from mudflows and pyroclastic

flows from the Oligocene to early Miocene epochs (33–20 mya).

Areas between 760 and 1200 m (upper elevation of WS 01 and WS

02 and lower elevations of MR) are underlain by two units middle to

late Miocene (14–5 mya) in age: a lower unit containing welded and

non-welded ash flows and an upper ridge-forming unit containing

basalt and andesite lava flows. MACK, WS 07, and WS 08 lack a hard

ridge-forming unit being predominantly underlain by lava flows
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(Swanson & James, 1975). Mean slope gradients exceed 30 deg in WS

01 and WS 02, but slope gradients are �18 deg in WS 07 and WS

08 (Table 1). Mean slope in MACK is 27 deg while in MR it is 22 deg.

More than 80% of precipitation in the Andrews Forest occurs

between October and April during long-duration, low-intensity frontal

storms (Swanson & Jones, 2002). Mean annual precipitation between

1980 and 2018 was 2193 mm at 436 m.a.s.l (PRIMET station,

Figure 1) and 2154 mm at 909 m.a.s.l (H15MET station, Figure 1). WS

01 and WS 02 span the rain to transient snow to seasonal snow

zones; WS 07, WS 08, MACK, and MR are in the seasonal snow zone,

with a snowpack that can persist from November to late April or June

(Harr & McCorison, 1979; Perkins & Jones, 2008; Swanson &

Jones, 2002). The physiography of the watersheds was characterized

based on the analysis of LiDAR (Spies, 2016) under SAGA-GIS

(Conrad et al., 2015) in terms of drainage area, watershed elevation,

watershed slope, drainage density, and the index median flow path

length over median flow path gradient (L/G) (Table 1).

2.2 | Water stable isotope data collection and
analysis

Grab and precipitation water samples were collected between

November 2014 and November 2018, over different hydrologic

F IGURE 1 (a) Location of the Andrews Experimental Forest, (b) Investigated watersheds and sampling locations for stream grab samples,
(c) Elevation from LiDAR and location of precipitation composite samplers
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conditions, based on meteorological records at PRIMET and H15MET

(Daly & McKee, 2016) and long-term flow records at the investigated

watersheds (Johnson et al., 2019). Samples collected in 2015 repre-

sented warm conditions with mean winter air temperature 2.5–2.9�C

above the average, moderate annual precipitation (357–410 mm

below the average), very low snow water equivalent (SWE), which

was 87% below the normal value (Figure 2), and mean annual

streamflow between the 7th and 12th percentiles. In contrast 2017

was a high-water year with low winter air temperatures (1.6–2.4�C

lower than the average), high precipitation (405–581 mm above the

average), snow water equivalent 19% above the normal, and mean

annual streamflow between the 60th and 81st percentiles (Figure 2).

The years 2016 and 2018 fall somewhere in the middle between

2015 and 2017, with air temperatures 0.28–1.1�C above the average

in 2016 and 0.4–0.7�C above the average in 2018, precipitation

within 100 mm of the means in 2016 and 365–470 mm below the

average in 2018; snow water equivalent was 28% lower than the nor-

mal in 2016 and it was 50% lower than the normal in 2018. Mean

annual streamflow in 2016 was between the 16th and 44th percentile

and in 2018, it was between the 14th and 29th percentile.

Grab water samples were collected at the seven watershed outlets

on a 3-week basis for a total of 67–97 samples per site (583 samples

total) (Segura, 2019). Bulk precipitation samples were collected near two

meteorological stations: PRIMET (�weekly samples) and H15MET

TABLE 1 Description of physical attributes of study watersheds (WS) and number of water samples collected during the study period 2014–
2018. Values in parenthesis represent the mean for elevation and the standatd deviation for slope

WS

Area

(ha)

Elevation

range (m)

Slope

(degrees)

Drainage

density (km/km2) L/G Date range

Water samples

collected

Water samples

useda

WS 01 95.9 439–1027 (707) 33.2 (9.5) 2.6 279.8 4 November 2014–
13 November 2018

95 77

WS 02 60.7 545–1079 (792) 31.9 (9.5) 2.5 361.6 4 November 2014–
13 November 2018

69 56

WS 07 15.4 918–1102 (1011) 19.3 (6.5) 1.0 714.0 4 November 2014–
14 November 2018

67 52

WS 08 21.4 962–1182 (1061) 18.2 (7.1) 2.8 640.2 4 November 2014–
14 November 2018

70 56

MACK 580 758–1610 (1195) 27.39 (9.2) 2.2 495.6 5 November 2014–
14 November 2018

93 77

MR 1500 547–1631 (982) 21.86 (11.0) 3.6 581.0 5 November 2014–
14 November 2018

97 81

LOOK 6242 421–1627 (977) 24.4 (11.2) 5.6 515.6 5 November 2014–
13 November 2018

92 80

aSamples used in the analysis of mean transit time and young water fractions excluded those collected during storm events.

30-Oct 1-Mar 15-Jun
0

100

200

300

400

500

600

700

800

S
W

E
 (

m
m

)

(a)
2015
2016
2017
2018
Normal

2015 2016 2017 2018
0

500

1000

1500

2000

2500

3000

A
nn

ua
l P

re
ci

pi
ta

tio
n 

(m
m

)

2015 2016 2017 2018
-1

0

1

2

3

4

5

W
in

te
r 

m
ea

n 
T

em
pe

ra
tu

re
 (

°C
)

PRIMET H15MET MeanAnnual PRIMET MeanAnnual H15MET

(b) (c)

F IGURE 2 Climatic context: (a) Mean daily snow water equivalent (SWE) and 1981–2010 normal across four Snow Telemetry (SNOTEL)
Network sites located near the Andrews Forest (Hogg Pass, Jump Off Joe, Mckenzie, Santiam Jct), (b) Annual precipitation at two meteorological
stations (Figure 1) (c) Winter (December–February) mean air temperature at two weather stations in the Andrews Forest
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(�samples every 3 weeks) for a total of 153 samples at PRIMET and

60 samples at H15MET (Figure 1) (Segura, 2019). Samples that fell 5‰

or more below the GMWL (32 samples at PRIMET and 7 samples at

H15MET) were eliminated as evaporation was likely (Brooks

et al., 2012). These 32 samples represented less than 5% of the total pre-

cipitation volume in PRIMET and less than 1% of the total precipitation

volume in H15MET. Of these 39 samples, 28 were collected during the

spring and summer months when storm magnitude is at a minimum and

evaporative influences are likely to be strongest.

Precipitation collectors were constructed following IAEA proto-

cols (Groning et al., 2012) to prevent evaporation. Surface water and

precipitation samples were sealed in 20 ml screw top glass vials with

conical inserts and capped without headspace to prevent isotopic

fractionation. Duplicates were collected every 10 samples for quality

assurance and control. Samples were stored in dark and cool (<15�C)

conditions and analysed at the Watershed Processes Laboratory of

Oregon State University.

Water-stable isotopes ratios (δ18O and δ2H) were measured in all

samples using a cavity ring down spectroscopy liquid and vapour iso-

topic analyser (Picarro L2130–i, Picarro Inc., CA). The samples were

ran under the high precision mode, including six injections per sample.

The first three injections were discarded to account for memory

effects. Two internal (secondary) standards were used to develop cali-

bration curves, while a third internal standard was used to estimate

external accuracy. All internal standards were calibrated against the

IAEA primary standards for the Vienna Standard Mean Ocean Water

(VSMOW2, δ18O = 0.0‰ and δ2H = 0.0‰), Greenland Ice Sheet Pre-

cipitation (GISP, δ18O = �24.76‰ and δ2H = �189.5‰), and Stan-

dard Light Antarctic Precipitation (SLAP2, δ18O = �55.5‰ and

δ2H = �427.5‰). Precision was 0.25‰ and 0.07‰ for δ2H and δ18O

based on the comparison of 148 duplicated samples. The accuracy of

our analyses was 0.26 ± 0.0019‰ and 0.05 ± 0.00029‰ for δ2H and

δ18O based on the comparison of 104 estimated values to a known

internal standard. For the analyses of mean transit time and young

water fractions, samples collected during storm events were omitted

(Table 1). Eliminating storm samples reduces the weight of measure-

ments during high flow allowing the detection of seasonal fluctuations

during baseflow conditions (Lutz et al., 2018; McGuire &

McDonnell, 2006; Muñoz-Villers et al., 2016).

2.3 | Data analysis

2.3.1 | Mean transit time

Time invariant mean transit times (MTTs) were estimated using an

inverse solution of the lumped convolution approach (Amin &

Campana, 1996; Małoszewski & Zuber, 1982) which assumes steady-

state conditions (i.e., baseflow MTTs). The convolution approach

describes the transit of the input precipitation signal (δin) to the outlet

streamflow signal (δout) considering a time lag between them t�τð Þ.
The input precipitation signal was volume weighted so that the out-

flow composition reflects the mass flux leaving the watershed:

δout tð Þ¼
Ð∞
0 g τð Þw t� τð Þ δin t� τð ÞdτÐ∞

0 g τð Þw t� τð Þdτ ð1Þ

where τ is the transit time, t is the time of exit from the system, g τð Þ
is a transfer function, and w t�τð Þ is the mass weighting

factor (McGuire & McDonnell, 2006). The g τð Þ was represented with

a gamma distribution with two parameters: α, the shape

parameter and β, the scale parameter, and TT¼ α�β. A gamma func-

tion has proven effective in a variety of environments to

model MTT (Godsey et al., 2010; Hrachowitz et al., 2010; Lutz

et al., 2018).

g τð Þ¼ τα�1

βαΓ αð Þe
�α

βð Þ ð2Þ

The precipitation input was adjusted for elevation effects follow-

ing the method used by McGuire et al. (2005) considering the two

sampling locations (Figure 1). For modelling purposes, the time

series of precipitation isotope values in H15MET was filled to

match the resolution of samples collected in PRIMET based on the

relationship between the two locations (Figure S1). For water-

sheds influenced by snow (WS 07, WS 08, and MACK) the higher

elevation sampling location (H15MET) was used as the reference

input signal. For the lower elevation watersheds (WS 01, WS

02, MR, and LOOK) the samples collected at PRIMET were used

as the reference input. The input for each modelled period was

estimated using linear interpolation based on the difference

between the two precipitation stations (see details in McGuire

et al. (2005)). Although H15MET is 7 km away from MACK �30

composite precipitation water samples collected at MACK

between 2015 and 2018 indicated strong relationships between

the isotope ratios in samples collected in these two locations

(Segura, 2019) (Figure S2).

To evaluate temporal changes in flow routing, MTT was esti-

mated over 53 2-year moving windows spaced every 14 days. The

first window started in November 2014 and the last window

started in November 2016. In all cases the available isotopic input

data was looped 10 times during calibration, similar to previous

studies (Capell et al., 2012; Hrachowitz et al., 2010; Hrachowitz

et al., 2011; Timbe et al., 2014). Model performance was evaluated

using the Nash-Sutcliffe efficiency (NS). Models were built using

parameter sets generated through a uniform Monte Carlo sampling

procedure (Beven and Freer, 2001). Each model was run >30 000

times over the same parameters ranges for α (0–4) and for β (0–

2000) to obtain >100 parameter sets with a NS > 0.2. It was found

that 13–51 out of the 53 windows produced solutions with

NS > 0.2 across the 7 watersheds for a total of 224 models

(Table S1). Across these cases >100 behavioural solutions

(i.e., solutions corresponding to at least 95% of the highest NS)

(Timbe et al., 2014) were found. The mean and SDs of the best

parameters α and β and for the MTT were estimated across behav-

ioural model runs.
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2.3.2 | Young water fraction

Annual young water fractions were estimated for each watershed fol-

lowing the approximation proposed by Kirchner (2016a) as the ampli-

tude ratio of seasonal sinusoidal models of isotope ratios in

precipitation (APÞand streamflow (AQÞ:

Fyw ¼AQ

AP
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2Qþb2Q

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2Pþb2P

q ð3Þ

where the a and b coefficients are obtained by fitting the precipitation

and streamflow isotope ratios as:

δ18OP tð Þ¼ δ18OPþaPcos ctð ÞþbPsin ctð Þ ð4aÞ

δ18OQ tð Þ¼ δ18OQþaQcos ctð ÞþbQsin ctð Þ ð4bÞ

where δ18OP tð Þ and δ18OQ tð Þ is the isotopic time value at time t (for P

and Q), δ18OP and δ18OQ are the mean δ18O in P and Q, and c is

2π=365 rad/day (Lutz et al., 2018). The values a and b for Q and P

were estimated using robust fitting (R statistical software method rml)

(Lutz et al., 2018). In order to assess the uncertainty regarding the

assumed input signal, two sets of calculations were performed consid-

ering volume weighed precipitation input from PRIMET and H15MET.

Similarly to von Freyberg et al. (2018), both discharge weighted (F�yw)

and unweighted Fywð Þ young water fractions were estimated. Uncer-

tainties in the calculated F�yw and Fyw were expressed as SE assuming

Gaussian error propagation (von Freyberg et al., 2018). To this end

10000 random samples of the aP, bP, aQ, and bQ parameters were

generated assuming that they follow a normal distribution and esti-

mated the corresponding amplitude ratios.

3 | RESULTS

3.1 | Isotopic composition of precipitation and
streamflow

Annual precipitation-weighted isotope ratios between 2014 and

2018 at PRIMET were isotopically heavier than annual precipitation-

weighted isotope ratios collected at higher elevation at H15MET

(Table 2). However, the differences in isotope ratios were stronger

over time. The isotopic ratios in precipitation were heavier in 2015

and lightest in 2017 at both locations (Figure 3a) reflecting difference

in snow inputs (Figure 2a) and differences in fractionation rates (Liu

et al., 2014; Nusbaumer et al., 2017; Nusbaumer & Noone, 2018;

Segura et al., 2019). The local meteorologic water lines (LMWLs) for

these two locations are not statistically different with slopes of 8.23

for PRIMET and 8.21 for H15MET and neither of these LMWL are

statistically different from the global meteoric water line (GMWL).

Isotope ratios in stream grab samples had a lower variability than

precipitation samples and fell around the LMWLs for PRIMET and

H15MET (Figure 3b). Overall, there is a decreasing trend in mean

annual isotope ratios between 2015 and 2018 for δ18O (0.04–0.13‰

per year) and for δ2H (0.1–0.65‰ per year) across all streams

(Figure 4). Given the strong correlation between δ18O and δ2H

(Figure 3b), only δ18O was used in the modelling of mean transit time

and young water fractions.

3.2 | Mean transit time

Modelling provided mean transit time (MTT) results in 224 out of the

371 2-year windows across seven watersheds (Figure S2). Model fits

yield mean NS between 0.20 and 0.73 across behavioural solutions

with 94 windows having NS above 0.4 (Figure S3). Among all water-

sheds, the estimated MTT increased between 2015 and 2018

(Figure 5). Mean 2015 MTT varied between 0.9 and 2.0 years while in

2018 MTT varied between 5.0 and 6.0 years (Table 3). The shapes of

the MTT distributions were narrow in 2015 while they were wide for

all other years (Figure S4). The gamma cumulative probability density

functions showed that for 2015 over 60% of the precipitation input

travelled to all outlets in less than 555 days (Figure S5). In contrast,

for 2018 less than 40% of the precipitation input travelled to the out-

let of all watersheds in 462 days (Figure S5).

Overall, the range of estimated MTT (i.e., difference between maxi-

mum and minimum MTT across the 4 years) was higher (4.2–4.9 years)

for high elevation watersheds (WS 07, WS 08, and MACK) than for the

rest of the watersheds (2.1–3.8 years) (Table 3). The MTT in 2016 were

longer than the MTT in 2015 across all watersheds, but the differences

between these 2 years were larger for the small watersheds (WS 01–

WS 08) with 2.1–5.4 times larger MTT in 2016 compared to the MTT

in 2015, while in the larger watersheds (MACK, MR, and LOOK) the

MTT in 2016 was <3 times larger than the MTT in 2015. In 2016, the

MTT in the smaller watersheds (WS 01–WS 08), was significantly lon-

ger than the MTT in the larger watersheds (Table S2). In 2017 the MTT

estimation was only possible in 4 watersheds with one of the larger

watersheds (MR) having significantly shorter MTT than the MTT in

smaller watersheds (WS 08 and MACK) (Table S2). In 2018 MTT was

not significantly different between watersheds (Table S2), however like

in 2017 results were only possible in four watersheds. The MTT calcu-

lated considering the available 4-years record varied between 2.4 and

5.8 years (Table 3) but in WS 02 no runs yield NS > 0.2.

The parameters of the gamma function (α and β) change consis-

tently with time. The mean α across watersheds decrease from 2.3 to

1.1 between 2015 and 2018 while on average β increase from 276 in

2015 to 1797 in 2018 (Table S3). High α values were associated to

short MTT while low α values were frequent for longer MTT

(Table S3). The parameter α was negatively related to snow water

equivalent (SWE) (r = �0.55, p-value = 0.0075), while β was positively

related to both annual precipitation (r = 0.43, p-value = 0.04) and

SWE (r = 0.75, p-value = 6.52�10�5).
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3.3 | Climatic and physiographic controls of MTT

MTT values were positively correlated to both annual precipitation

(r = 0.44, p-value = 0.04, Figure 6a) and SWE (r = 0.74, p-

value = 7.84 � 10�5, Figure 6b) indicating shorter transit time during

the snow drought in 2015. During 2015 the absolute and relative vari-

ability in MTT across watersheds was smaller (SD = 0.39 years, coeffi-

cient of variation = 0.32) compared to the variability in MTT during

the wetter years of 2016 (SD =1.34 years, coefficient of varia-

tion = 0.41) and 2017 (SD = 0.87 years, coefficient of varia-

tion = 0.18). Mean annual daily discharge as well as mean daily

discharge in the winter and spring explained some of the MTT vari-

ability in 2016 (r = �0.84 to �0.790, p-value = 0.039–0.06) (Table 4).

In addition, there were strong relations between MTT in all years and

mean daily discharge in winter (r = 0.57 p-value = 0.01, Figure 6c)

and spring (r = 0.58, p-value = 0.01, Figure 6d).

The range in MTT in each watershed across the 4 years was posi-

tively related to watershed mean elevation (r = 0.93, p-

value = 0.0028), meaning that high elevation watersheds had a wider

range in MTT than watersheds located at low elevation. The MTT

range was highest in WS 08 (4.9 years) located at 1061 m while the

lowest MTT range was calculated for WS 01 (2.1 years), located at

716 m (Table 3). The MTT was negatively correlated to drainage area

in 2016 (r = �0.86, p-value =0.012, Figure 6e) and 2018 (r = �0.94,

p-value = 0.05, Figure 6e) (Table 4). In contrast MTT during the 2015

drought was unrelated to drainage area (r = 0.07, p-value = 0.88).

This was also the case for the MTT values previously estimated by

McGuire et al. (2005) for some of the same watersheds investigated

here based on 2001–2002 data (Figure 6e). This is not surprising, con-

sidering that 2001 was a dry year with annual precipitation values

below 850 mm for the mean annual value at PRIMET and H15MET

(Daly & McKee, 2016) (Figure 1).

Analysis of topographic controls on MTT revealed poor correla-

tions between MTT and watershed slope (Table 4). Mean watershed

elevation and the index L/G were not correlated to MTT in all years

except in 2015 when MTT was inversely related to elevation

(r = �0.83, p-value = 0.019) and L/G was weakly related to MTT

(r = �0.72, p-value = 0.066). Drainage density was inversely related

to MTT in 2016 (r = �0.77, p-value = 0.04). Metrics of terrain rough-

ness (Frankel & Dolan, 2007; Smith, 2014; Wu et al., 2018) explain

some of the variability in MTT. The SD of elevation was inversely

related to MTT in 2016 (r = �0.83, p-value =0.018) and 2018

(r = �0.96, p-value = 0.037) while the SD of the slope was weakly

related to MTT in 2016 (r = �0.72, p-value = 0.064, Figure 6f) and

strongly related to MTT in 2018 (r = �0.99, p-value = 0.012,

Figure 6f).

3.4 | Fraction of young water

Annual unweighted (FywÞand weighted (F�ywÞ young water fractions at

seven watersheds in the Andrews Forest were similar and varied

between 0.04±0.001 and 0.91± 0.20 for F�yw and between 0.02T
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±0.02 and 0.88 ±0.21 for Fyw (Tables 5 and S4). As previous studies

have reported, Fyw and F�yw were correlated (r = 0.77, p-

value = 9.63�10�6) resulting generally in higher F�yw than Fyw (von

Freyberg et al., 2018). Weighted young water fractions estimated

based on data collected at the higher elevation meteorological station,

H15MET yield similar results to those estimated based on precipita-

tion data from PRIMET indicating higher F�yw for 2015 compared to

any other year (Figure S6) indeed the two estimates of F�yw are corre-

lated (r = 0.99, p-value = 4.4�10�25). Given these results (i.e., strong

relations between Fyw and F�yw and between F�yw estimated using data

from the two meteorological stations) the analysis of controlling fac-

tors of young water fractions using any of these estimates would be

very similar. The analysis below is based on weighted young water

fractions (F�yw) estimated based on PRIMET data.

The variability in F�yw was larger over time —year to year— than

over space —across watersheds. On average across watersheds F�yw
was the largest in 2015 (mean = 0.49, SD = 0.24) and smallest in

2016 (mean = 0.08, SD = 0.04) (Table 5). The mean 2015 F�yw was sig-

nificantly higher than the mean F�yw in 2016, 2017 and 2018

(Table S5). The mean F�yw values in 2016, 2017 and 2018 were not

statistically different (Table S5).

3.5 | Climatic and physiographic controls in young
water fraction

Considering all the data, the F�yw was negatively correlated to April

1st snow water equivalent (r = �0.63, p-value = 3.23�10�4,

(a) (b) F IGURE 3 (a) Mean annual
magnitude weighted isotopic
precipitation values in the
Andrews Forest at two different
elevations (Figure 1) between
2014 and 2018; the local
meteoric water lines (LMWLs)
were derived based on
121 samples in PRIMET and

53 samples in H15MET. (b) Grab
water samples collected at seven
locations between 2014 and
2018. The LMWLs and the global
meteoric water line (GMWL) are
shown for reference

12-2014 06-2015 12-2015 06-2016 12-2016 06-2017 12-2017 06-2018 12-2018
Time

-20

-18

-16

-14

-12

-10

-8

-6

-4

 18

PRIMET H15MET WS 01 WS 02 WS 07 WS 08 MACK MR LOOK Summer F IGURE 4 δ18O time series for seven
watersheds in the Andrews Forest
(Figure 1) during 2014–2018. The grey
lines represent δ18O in precipitation
samples at PRIMET and H15MET
(Figure 1). The summer/dry period
between June and august is highlighted in
yellow

8 of 17 SEGURA



Figure 7a). However, excluding the 2015 data the relationship

between F�yw and SWE was positive (r = 0.51, p-value = 0.018). The

F�yw was also positively correlated to total precipitation if the data

from 2015 is excluded (r = 0.49, p-value = 0.025) (Figure 7b). The F�yw
varied greatly in 2015 between 0.17 and 0.91 with the largest F�yw
values (0.61–0.91) calculated for small watersheds located at high

elevation (WS 07 and WS 08, Table 5). These watersheds received

much lower snow amounts in 2015 than normal (Figure 2). In 2018

the variability in F�yw was smaller between 0.05 and 0.2 (Table 5).

While mean annual daily streamflow was not correlated to

F�ywvariability (Table 4). There were strong inverse relations between

F�yw in all years and mean daily discharge in the winter (r = �0.52, p-

value = 0.009) (Figure 7c).

Drainage area was positively correlated to F�yw in 2018

(r = 0.84, p-value = 0.017, Table 4, Figure 7e) but unrelated to F�yw in

all other years. Mean watershed slope and elevation were

uncorrelated to F�yw (Table 4). However, the SD of elevation was posi-

tively related to F�yw in 2018 (r = 0.8, p-value = 0.025, Table 4). The

index L/G was weakly correlated to F�yw in 2017 (r = �0.70, p-

value = 0.077 Table 4) and drainage density was weekly related to

F�yw in 2018 (r = 0.72, p-value = 0.066, Table 4). Metrics of terrain

roughness explain some of the variability in F�yw . The SD of elevation

was positively related to F�yw in 2018 (r = 0.82, p-value =0.025,

Table 4) while the SD of the slope was negatively related to F�yw in

2015 (r = �0.77, p-value = 0.042, Figure 7f) and positively related to

F�yw in 2018 (r = �0.75, p-value = 0.047, Figure 7f). In 2017 the SD of

the slope was weakly related toF�yw (r = 0.69, p-value = 0.085,

Figure 7f).

4 | DISCUSSION

4.1 | Spatial and temporal variability of mean
transit time

The results demonstrate that both extrinsic controls and intrinsic

watershed characteristics influence mean transit time (MTT) variability

in the Andrews Forest. The wide range on climatic conditions

analysed here, including the 2015 snow drought, resulted in MTT

values that varied over time with snow input and across space with

physiography apparently mediated by moisture level. During the snow

drought in 2015, MTT was significantly shorter compared to the MTT

in any other subsequent year. The differences in MTT across moisture

levels were also reflected in the variability of the alpha parameter of

the gamma function which was inversely related to snow water equiv-

alent. The shorter MTT during the drought contrast previous analysis

for mountainous watersheds in Pennsylvania (McGuire et al., 2002),

humid systems in Scotland (Birkel et al., 2012; Hrachowitz

et al., 2009), boreal systems in Europe (Peralta-Tapia et al., 2016), and

cold prairie watersheds in North America (Bansah & Ali, 2019) in all of

which longer MTT were associated to dry conditions and shorter MTT

were related to wet conditions. The shorter MTT during 2015 indicate

that during this unprecedent snow drought (Mote et al., 2018; Segura

et al., 2019) the active flow paths were short and unconnected to

older stored water. One could envision that in 2015 most of the water

that contribute to baseflow moved primarily horizontally with limited

vertical mixing between surface water and older ground water sources

(Kleine et al., 2020). The climatic conditions in 2015 were dramatic in

terms of snowpack inputs which were practically absent in the region

(Mote et al., 2018). In the absence of the snow, soil moisture likely

declined dramatically which could have limited ground water recharge.

I pose that the short transit times observed in 2015 resulted from the

low connectivity between surface water in the streams and older sub-

surface water. Thus, the absence of a snowpack appears to have led

to short transit times. Furthermore, the prolonged summer in this

region, with negligible water inputs, during more than 3 months exac-

erbated the hydrologic disconnection resulting in a relatively homoge-

nous hydrologic response across all the investigated watersheds with

MTT shorter than 2 years during 2015.

The low variability in MTT during 2015 also infers that the influ-

ence of geology and geomorphology at controlling different residence

times was limited during the drought when all streams were fed by

relatively young water sources. During the 2015 drought, water iso-

topes in the streams were lighter (more depleted) than the mean

incoming precipitation, indicating that water draining at the outlet of

the investigated watersheds was a likely a combination of recent pre-

cipitation and water stored in geomorphic features (Segura

et al., 2019) that on average was less than 2 years old as all 2015

MTT were shorted than 2 years. Given the more depleted stream iso-

tope ratios in 2015 compared to the precipitation, the water in the

streams was likely not only relatively young (1–2 years) but also

supported in part by high elevation snowmelt that could have been

F IGURE 5 Mean annual MTT for seven watersheds in the
Andrews Forest (Figure 1). Each point and bar represent the mean
and SD of the MTT estimated across 13–14 2-year windows spaced
every 2 weeks around the year of interest (Table 3)
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received during the previous winter snowpack and travelled through

subsurface flow paths in less than 2 years. This was likely a hydrologic

mechanism for high elevation watersheds (WS 07, WS 08, and MACK)

which normally receive precipitation as snow that can persist in the

ground from November to June (Harr & McCorison, 1979; Perkins &

Jones, 2008; Swanson & Jones, 2002) and are underlain by porous

and permeable young volcanic bedrock (Brooks et al., 2012; McGill

et al., 2021; Segura et al., 2019; Tague et al., 2013; Tague &

Grant, 2004). In years with a snowpack (2016–2018), the MTT was

longer draining flow paths connected to water that had been stored in

the systems for 1.5–6 years. That is, longer flow paths appear to be

active in years with snow.

Although the temporal variability in MTT was higher than its spa-

tial variability, intrinsic watershed characteristics such as drainage area

and terrain roughness influence MTT variability to some extent. Simi-

larly, to other studies, the importance of such physiographic variables

is mediated by moisture conditions (Heidbuchel et al., 2013). For

example, the control that watershed slope has on subsurface water

movement depends on moisture condition and increases with water-

shed wetness both in snowmelt dominated systems (Leach

et al., 2020) and small mountainous watersheds (Woods &

Rowe, 1996). For the investigated watersheds, the relation between

drainage area and MTT was weaker during dry conditions consistent

with previous results in the Andrews Forest (McGuire et al., 2005).

However, weak relationships between MTT and drainage area have

also been reported with no apparent connection to moisture level

(Bansah & Ali, 2019; Lane et al., 2020; McGlynn et al., 2003; Rodgers

et al., 2005). Consistent with the idea of moisture mediated controls

of physiography on MTT, strong relations were found between terrain

roughness (SDs of the slope and elevation) and MTT in 2016 and

2018. However, these relations were absent in the wettest year of

2017 for which results were only achieved in 4 of the 7 watersheds.

Although topography can affect groundwater flow by driving depth to

bedrock and flow gradients (Mueller et al., 2013; Mwakalila

et al., 2002; Price, 2011; Segura et al., 2019; Warix et al., 2021) the

results represented here showed that when conditions are dry with

presumably limited ground water recharge from snowmelt, water sys-

tems might become disconnected to the older ground water. This is

likely the case because soil water storage plays a major role in control-

ling hydrologic partitioning by activating and deactivating prevalent

flow paths (Heidbuchel et al., 2013).

4.2 | Spatial and temporal variability of young
water fractions

Young water fractions varied both in space and time being higher dur-

ing the 2015 snow drought when on average 49% of the water in the

investigated watershed outlets was received 2–3 months prior. The

mean young water fractions in 2015 in this study were higher than

mean values reported for many small streams in Europe (Ceperley

et al., 2020; Dimitrova-Petrova et al., 2020; Lutz et al., 2018; von

Freyberg et al., 2018) and similar to young water fractions reportedT
A
B
L
E
3

M
ea

n
an

nu
al
m
ea

n
tr
an

si
t
ti
m
e
(M

T
T
)a

nd
N
as
h–

Su
tc
lif
fe

ef
fi
ci
en

cy
(N

S)
ca
lc
ul
at
ed

in
1
3
–1

4
2
-y
ea

r
w
in
do

w
s
pe

r
ye

ar
.T

he
SD

ac
ro
ss

b
eh

av
io
u
ra
lr
u
n
s
(w

it
h
an

N
S
>
th
e
9
5
th

pe
rc
en

ti
le

o
f
al
ls
im

ul
at
io
ns

w
it
h
N
S
>
0
.2
)i
s
in

pa
re
nt
he

si
s

W
S

2
0
1
5

2
0
1
6

2
0
1
7

2
0
1
8

A
ll
d
at
a
(4

ye
ar
s)

M
T
T
(y
ea

rs
)

N
S

M
T
T
(y
ea

rs
)

N
S

M
T
T
(y
ea

rs
)

N
S

M
T
T
(y
ea

rs
)

N
S

M
T
T
(y
ea

rs
)

N
S

W
S
0
1

1
.9
9
(0
.4
4
)

0
.5
5
(0
.1
3
)

4
.1
4
(1
.1
)

0
.3
9
(0
.1
2
)

4
.2
9
(0
.8
)

0
.3
5
(0
.0
0
5
)

W
S
0
2

1
.3

(0
.1
1
)

0
.3
2
(0
.0
9
)

4
.4
1
(1
.7
9
)

0
.2
3
(0
.0
1
)

5
.7
6
(1
.7
)

0
.0
9
(0
.0
0
1
)

W
S
0
7

0
.9
5
(0
.0
8
)

0
.2
7
(0
.0
2
)

5
.1
4
(0
.0
7
)

0
.2
3
(0
.0
1
)

5
.7
1
(1
.0
4
)

0
.2
1
(0
.0
0
3
)

W
S
0
8

0
.9
5
(0
.0
4
)

0
.3
3
(0
.0
9
)

3
.2
8
(1
.3
7
)

0
.4
8
(0
.0
4
)

4
.9
2
(0
.9
1
)

0
.4
1
(0
.1
3
)

5
.8
5
(0
.6
7
)

0
.3
6
(0
.1
1
)

3
.6
1
(0
.8
9
)

0
.4
8
(0
.0
0
7
)

M
A
C
K

0
.8
9
(0
.0
6
)

0
.2
5
(0
.0
5
)

2
.6
3
(1
.2
6
)

0
.3
5
(0
.0
3
)

5
.5
5
(0
.6
7
)

0
.2
4
(0
.0
2
)

5
.5
2
(0
.1
3
)

0
.2
6
(0
.0
5
)

3
.4
9
(0
.8
5
)

0
.4

(0
.0
0
5
)

M
R

1
.4
5
(0
.3
2
)

0
.4
5
(0
.1
5
)

1
.5
3
(0
.1
5
)

0
.7
6
(0
.0
6
)

3
.5
2
(0
.4
6
)

0
.5
9
(0
.1
7
)

5
.0
3
(1
.1
4
)

0
.3
5
(0
.1
6
)

2
.3
8
(0
.5
6
)

0
.4

(0
.0
1
)

LO
O
K

1
.1
1
(0
.1
5
)

0
.2
9
(0
.0
2
)

1
.9

(0
.6
6
)

0
.5
5
(0
.1
)

5
.0
1
(0
.1
5
)

0
.3
3
(0
.0
4
)

4
.9
6
(0
.3
)

0
.2
8
(0
.0
6
)

2
.7
1
(0
.9
2
)

0
.3
5
(0
.0
0
5
)

N
ot
e:
T
he

m
ea

n
M
T
T
pe

r
ye

ar
in
cl
ud

ed
M
T
T
es
ti
m
at
ed

o
ve

r
1
3
–1

4
2
-y
ea

r
w
in
do

w
s:
F
o
r
2
0
1
5
,t
he

w
in
do

w
s
va
ri
ed

be
tw

ee
n
N
o
ve

m
be

r-
2
0
1
4
an

d
M
ay
-2
0
1
7
.F

o
r
2
0
1
6
,t
h
e
w
in
d
o
w
s
va
ri
ed

b
et
w
ee

n
M
ay
-2
0
1
5

an
d
N
o
ve

m
be

r-
2
0
1
7
.F

o
r
2
0
1
7
,t
he

w
in
do

w
s
va
ri
ed

be
tw

ee
n
N
o
ve

m
be

r-
2
0
1
5
an

d
M
ay
-2
0
1
8
.F

o
r
2
0
1
8
,t
he

w
in
do

w
s
va
ri
ed

be
tw

ee
n
M
ay
-2
0
1
6
an

d
N
o
ve

m
b
er
-2
0
1
8
.

10 of 17 SEGURA



for cold prairie watersheds (Bansah & Ali, 2019) and high elevation

watersheds in the Alps (Schmieder et al., 2019). The fractions of

young water between 2016 and 2018 were significantly smaller than

in 2015 and closer in magnitude to those reported in the mentioned

European sites, indicating that 4%–29% of the water in the streams

was 2–3 months old. Like in this study, others have reported time var-

iability in young water fractions (Stockinger et al., 2019) with higher

uncertainty being associated to warmer/drier conditions. The larger

young water fractions found in 2015 compared to the other 3 years is

somewhat surprising as many have found lower proportions or young

water fractions during dry conditions when presumably older ground

water sources feed streams (Bansah & Ali, 2019). However, like in our

case, a study including 24 watersheds in Germany reported an inverse

relation between precipitation and young water fractions (Lutz

et al., 2018). The conditions in 2015 were dramatic in terms of snow

inputs with the lowest regional average of April 1st SWE in the avail-

able record (1930–2019) (Crampe et al., 2021). The lack of snow in

2015 led to reduce hydrologic connectivity that effectively limited

water age at the stream outlets. As mentioned before, in 2015 on

average half of the water in the streams was only 2–3 months old and

possibly sourced from water stored in geomorphic features (Segura

et al., 2019). Part of baseflow in 2015 could have also been sourced

from high elevation snowpack received the year before which travel

in the subsurface unconnected to older sources as indicated by the

short MTT in 2015. In years with a snowpack (2016–2018) longer

flow paths are active leading to longer transit times that incorporate

water stored in the watersheds for >2 years and that results in higher

winter daily flows. Similar to other studies (von Freyberg et al., 2018),

(a) (b)

(c) (d)

(e) (f)

F IGURE 6 Relationship between
mean transit time (MTT) and (a) Mean
annual precipitation, (b) April 1st snow
water equivalent (SWE), (c) Mean daily
winter discharge, (d) Mean daily spring
discharge, (e) Drainage area (DA), and (f)
SD of water slope (σ slope). A solid line
indicates a relationship with a p-value
<0.05 and a dash line indicates a

relationship with a p-values between 0.05
and 0.1
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strong relations were found between young water fractions and win-

ter mean daily discharge. Large mean daily discharge values are asso-

ciated to low young water fractions and low mean daily winter

discharge was associated to high young water fractions.

4.3 | Effects of the 2015 drought in water
movement

Evidence from two transit time metrics indicated that during extreme

snow drought conditions in mountainous streams flow paths were

short resulting in short MTT and large young water fractions. Limited

vertical connectivity between surface and ground water could be a

mechanism that contribute to the shorter transit times. The results

also indicate that during 2015 snowpack contributions from the previ-

ous years could have been important particularly in the high elevation

watersheds in which subsurface water movement is possible though

porous lava deposits (Swanson & James, 1975). The flow paths that

were active in 2015 likely connected water stored in geomorphic fea-

tures such deep-seated earthflows and other Quaternary deposits

(Segura et al., 2019) for less than 2 years. The short transit times in

2015 are despite the presence of at least one spring—Cold Creek—in

the Andrews Forest that has been shown to contribute a significant

proportion of the flow during the summer conditions both during

drought and normal conditions (Segura et al., 2019). Although, there is

uncertainty associated with the two metrics (see section below), the

fact that they independently indicated that during the snow drought

transit times were short adds validation of our results. Although dry

conditions resulted in short transit times in all watersheds, the impacts

were higher for small streams at high elevation that depend on snow-

melt inputs. Shorter transit times during the drought have implications

for water quality and solute concentrations as biogeochemical pro-

cesses are controlled in part by the time water resides and interacts

within the subsurface (G�omez-Gener et al., 2020; Hrachowitz

et al., 2015; Laudon & Sponseller, 2017; Sebestyen et al., 2014;

Wymore et al., 2017). Thus, although the impacts of the drought on

short MTT appeared to be short lived, further research is needed to

understand long-terms effects on water quality. With snowpack con-

tinuing to decline as climate warms in the western United States

(Mote et al., 2005), our results underscore the importance of long-

term observations that include extreme conditions and the need to

further investigate the relevance of water storage in varying geology

and geomorphology features (Segura et al., 2019) to modulate water

sources during different seasons.

4.4 | Limitations in the approach

The MTT estimates calculated with a convolution approach are limited

to represent baseflow transit time distributions. These estimates are

thus stationary and do not represent rapidly changing water flow

paths and velocities in response to hydrologic forcing (Birkel

et al., 2012; Heidbuechel et al., 2012; Hrachowitz et al., 2010;T
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Kirchner et al., 2000; Tetzlaff et al., 2007). The failure of the convolu-

tion approach to generate estimates of MTT in 2017 and 2018 in

three of the investigate watersheds could indicate the dominance of

rapidly changing flow paths in these smaller watersheds during wet

conditions. Another possible explanation for the lack of model conver-

gence is that the MTT in some of these watersheds is too long to be

capture using conservative tracers (Stewart et al., 2010). This could be

the case for WS 02 in which the MTT estimation using the 4-year data

TABLE 5 Values ± SE of flow weighted annual amplitude coefficients of stream water isotopes (As) and flow-weighted young water fractions
(F�yw) at seven watersheds (WS)

WS

As ± SE (‰) F�yw ± SE (�)

2015 2016 2017 2018 2015 2016 2017 2018

WS 01 0.12 ± 0.07 0.62 ± 0.15 0.67 ± 0.19 0.15 ± 0.07 0.32 ± 0.21 0.17 ± 0.04 0.29 ± 0.08 0.14 ± 0.07

WS 02 0.15 ± 0.07 0.16 ± 0.03 0.32 ± 0.13 0.07 ± 0.01 0.39 ± 0.2 0.04 ± 0.01 0.14 ± 0.06 0.07 ± 0.01

WS 07 0.35 ± 0.02 0.16 ± 0 0.13 ± 0.1 0.07 ± 0.002 0.91 ± 0.2 0.04 ± 0 0.05 ± 0.04 0.06 ± 0.01

WS 08 0.23 ± 0.03 0.36 ± 0.16 0.34 ± 0.03 0.05 ± 0.003 0.61 ± 0.16 0.1 ± 0.04 0.15 ± 0.01 0.05 ± 0.01

MACK 0.18 ± 0.03 0.23 ± 0.08 0.39 ± 0.06 0.13 ± 0.07 0.47 ± 0.13 0.06 ± 0.02 0.17 ± 0.03 0.12 ± 0.06

MR 0.06 ± 0.04 0.2 ± 0 0.45 ± 0.04 0.12 ± 0.05 0.17 ± 0.1 0.05 ± 0 0.2 ± 0.02 0.11 ± 0.05

LOOK 0.21 ± 0.04 0.28 ± 0.09 0.52 ± 0.05 0.21 ± 0.05 0.54 ± 0.15 0.08 ± 0.03 0.22 ± 0.02 0.2 ± 0.05

Note: Magnitude-weighted amplitude coefficients of precipitation (AP) for PRIMETE = 0.38 ± 0.08 in 2015; 3.71 ± 0.13 in 2016; 2.31 ± 0.09 in 2017 and

1.09 ± 0.15 in 2018.

(a) (b)

(c) (d)

(e) (f)

F IGURE 7 Relationship between
young water fraction (F�yw) and (a) Mean
annual precipitation, (b) April 1st snow
water equivalent (SWE), (c) Mean daily
winter discharge, (d) Mean daily spring
discharge, (e) Drainage area (DA), and (f)
SD of water slope (σ slope). A solid line
indicates a relationship with a p-value
<0.05 and a dash line indicates a
relationship with a p-values between 0.05
and 0.1
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record did not yield behavioural solutions. Future work should con-

sider long-term high-resolution data in these systems to explore the

importance of rapid changing flow paths.

The uncertainty in young water fractions estimates can be associ-

ated the choice of weighting or not weighting the output tracer signal

and the choice of input signal (i.e., elevation of the input).

Undistinguishable results were found considering weighted or

unweighted output signals as well as considering the input signals

from two different elevations. Finally, as others have pointed out

(Bansah & Ali, 2019) assuming a one-year cycle fit could have under-

estimated the true amplitudes of both the input precipitation (Ap) and

the output streamflow (As). In that sense the results are more robust

in terms of the relative comparison between years than in terms of

the absolute values found for the fractions of young water. High

resolution-long-term data is critical to understand why in some water-

shed such as WS 01 and MR the young water fractions in 2017 (the

highest snow year) were so close to the young water fractions during

the 2015 snow drought.

5 | CONCLUSIONS

The analysis of annual variability in transit over 4 years revealed dras-

tic differences between the 2015 snow drought and all other years.

During 2015, all the investigated waterheads responded similarly with

short transit times. I pose that in the absence of substantial snowpack

hydrologic connectivity is impaired. This leads to low flows that are

sourced from sources that are not mixed with ground water older

than 2 years. The relatively homogenous response in 2015 across the

landscape indicated that the importance of intrinsic watershed charac-

teristics such as terrain slope diminishes during dry conditions.

Although the impacts of the drought in MTT and young water frac-

tions appeared to be short lived, further research is needed to under-

stand long-terms effects of the reduction of transit times as it relates

to flow permanence and stream habitat and to water quality. With

snowpack continuing to decline, long term sampling of isotope tracers

across experiment watersheds is critical to inform changes in hydro-

logic behaviour.
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