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ABSTRACT
Understanding how diverse headwater streams contribute water downstream is critical for accurate modelling of seasonal flow 
dynamics in larger systems. This study investigated how headwater catchments, with diverse subsurface storage, influence 
downstream flows within Lookout Creek—a 62 km2, 5th-order catchment in the rain-snow transition zone in western Oregon, 
USA. We analysed one year of hydrometric and water stable isotope data collected at 10 stream locations, complemented by a 
decade of precipitation isotopic data. As expected, isotopic data revealed that most of the streamflow was sourced from large fall 
and winter storms. Generally, stream isotope ratios decrease with elevation. However, some streams had higher isotopic values 
than expected, reflecting the influence of isotopically heavy storms and relatively low storage. Other streams that tended to have 
low flow variability in response to precipitation inputs had lower isotopic values, indicating higher elevation water sources than 
their topographic watershed boundaries. Both hydrometric data and water isotope-based end-member mixing models suggest 
storage differences among headwater catchments influenced the seasonal water contributions from tributaries. Most notably, 
the contributions of Cold and Longer Creeks, which occupy less than 10% of the Lookout Creek drainage area, sustain up to 50% 
of the streamflow in the summer. These catchments have high storage and high groundwater contributions, as evidenced by 
flat flow duration curves. Finally, our data suggest that geologic variability and geomorphic complexity (presence of earthflows 
and landslides) can be indicators of storage that dramatically influence water movement through the critical zone, the variation 
in streamflow, and the response of streams to precipitation events. Heterogeneity in headwater catchment storage is key to un-
derstanding flow dynamics in mountainous regions and the response of streams to changes in climate and other disturbances.

1   |   Introduction

Headwater mountainous systems play an important role in water 
quality (Alexander et  al.  2007), aquatic biodiversity (Freeman 
et al. 2007; Meyer et al. 2007), and the downstream delivery of 
water (Birkel et al. 2020; Gomi et al. 2002). However, these sys-
tems are climatically diverse and physiographically complex, 

which complicates understanding what critical zone functions 
control local water flow path dynamics, streamflow generation 
processes, and their implications for downstream transport of 
water and solutes (Brantley et  al.  2017; Lane et  al.  2023). For 
example, understanding the impact of snowpack dynamics on 
streamflow generation will be critical in the face of the future 
climate impacts on streams near the rain-snow transition; yet 
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the response of mountain catchments to these dynamics will de-
pend on their physiography.

The hydrologic regime in most mountainous temperate headwater 
streams is greatly controlled by elevation and the form and amount 
of precipitation, resulting in rain- and snow-dominated regimes 
(Moore and Wondzell 2005). Considering climate change predic-
tions for the snowpack in many mountain ranges (Li et al. 2017; 
Mote et al. 2018; Siirila-Woodburn et al. 2021; Verfaillie et al. 2018), 
headwater streams in the current snow zone might ultimately 
become rain-dominated systems (Knowles et al. 2006). In many 
mountainous regions of the USA, this shift to rain-dominated 
precipitation could result in reduced streamflow (Berghuijs 
et al. 2014; Dierauer et al. 2018). These changes are expected to be 
non-uniform across the western U.S. (Hale et al. 2023) and influ-
enced by elevation and subsurface storage (Barnhart et al. 2020; 
Vano et al. 2015) both of which can vary over very short distances.

Headwater streams often have a complex critical zone structure 
(Befus et al. 2011; St Clair et al. 2015), where storage variation 
among catchments can result in significant spatial differences 
in seasonal streamflow (Leuthold et al. 2021). As such, seasonal 
streamflow generation is strongly influenced by the underlying 
geology and geomorphic processes (Litwin et  al.  2022) which 
control groundwater dynamics and subsurface storage (Segura 
et al. 2019; Thurber et al. 2024; Yao et al. 2021). The subsurface 
movement of water is influenced by features such as fractures 
(Fan et al. 2007; Johnson, Christensen, et al. 2024), the permea-
bility of different lithologies (Nickolas et al. 2017), and the water 
storage capacity which is often modified by mass movement his-
tory (Segura et al. 2019). All these factors influence catchment 
storage, which includes dynamic storage—fraction that controls 
streamflow dynamics (sensu Staudinger et  al. 2017)—and the 
often much larger passive (also call mobile) storage that can be 
inferred from tracers (Birkel et al. 2011; Soulsby et al. 2011). We 
suspect that the presence of geomorphic features will influence 
headwater catchment storage. However, we do not have a deep 
understanding of how geologic and geomorphic diversity across 
headwater catchments impacts and perhaps buffers down-
stream systems from climatological changes.

A useful approach for understanding streamflow contributions 
and storage within watersheds is the analysis of spatial and 
temporal variability of naturally occurring water stable iso-
topes (Bowen et al. 2019; Jasechko 2019). Water stable isotope 
ratios have been widely used to characterise precipitation inputs 
(Bowen and Revenaugh  2003; Bowen and Wilkinson  2002), 
catchment transit times (Benettin et  al.  2022; McGuire and 
McDonnell  2006; McGuire et  al.  2005; Segura  2021), and the 
origin of water sources within basins of different sizes (Brooks 
et al. 2012; Fennell et al. 2020; Jung et al. 2021; McGill et al. 2021; 
Nickolas et al. 2017; Segura et al. 2019; Windler et al. 2021). A key 
aspect of these studies was having detailed data on precipitation 
isotope ratios at the site to understand how these inputs have 
been modified and integrated over time within the catchment 
or basin (Clark and Fritz 1997; Putman et al. 2019). Precipitation 
isotope ratios vary both spatially and temporally, and depend-
ing on the system, can assist in understanding water origin and 
catchment storage properties. In general, the spatial variation 
in stream isotope ratios is influenced by the isotopic variation 
of precipitation inputs (Araguas-Araguas et al. 2000; Clark and 

Fritz 1997; Gat 2010). In mountainous regions, spatial variation 
in precipitation isotope ratios is generated by the rainout process 
and orographic lift, causing distinct lapse rates with elevation 
(Poage and Chamberlain 2001). Temporal variation of precipita-
tion isotope ratios depends on the origin of vapour, temperature, 
and precipitation intensity, which varies with each precipitation 
event (Clark and Fritz  1997, Gat  2010). Temporal variation in 
stream water isotopes is generally driven by the temporal vari-
ation of precipitation inputs and the damping of that variation 
through internal mixing, and the rate of hydrologic cycling 
with more temporal variation with greater inputs, faster water 
movement, and less mixing (Bowen et al. 2019; Jasechko 2019). 
Both forms of isotopic variation can illuminate different as-
pects of catchment hydrology. Recent analytical schemes such 
as IsoSource (Phillips and Gregg 2003; Phillips et al. 2005) and 
Stable Isotope Analysis in R (Stock et al. 2018) allow estimating 
water contributions to complex mixing systems such as catch-
ments when there are more than two end-members.

Here we explore how headwater catchments with diverse subsur-
face storage shift their contribution to downstream flows season-
ally in a 5th-order catchment that spans rain and snow transition. 
We combined hydrometric and water isotopic ratios to investigate 
the spatial and temporal variability in water sources, runoff gener-
ation processes, and catchment storage. Specifically, we:

•	 Characterised the seasonal variability in water isotopic ra-
tios in precipitation between water years 2015 and 2023 to 
understand how seasonal inputs to catchments might influ-
ence stream water stable isotopes across catchments with 
contrasting storage.

•	 Estimated tributary streamflow contributions to the down-
stream main stem over a year; inferred subsurface flow 
paths and storage variability using surface water isotope 
ratios and hydrometric metrics across tributaries and main 
stem locations.

Based on our results, we ultimately infer the spatiotempo-
ral variability of subsurface flow paths and streamflow gen-
eration mechanisms to understand water source dynamics 
through the lenses of known differences in geology, geomor-
phology, and seasonal precipitation variability in headwater 
catchments.

2   |   Methods

2.1   |   Study Site

The study was conducted at the H.J. Andrews Experimental 
Forest (hereafter Lookout Creek), a Long-Term Ecological 
Research (LTER) site. Lookout Creek is a 5th-order stream that 
drains a 62 km2 catchment in the Western Cascades of Oregon 
USA (Figure  1A). The catchment elevation varies from 411 to 
1632 m (Figure 1B). The climate is Mediterranean with wet win-
ters and dry summers and an average annual air temperature 
of 9.2°C (Daly et al. 2025) considering recent 20 years of data at 
the PRIMET meteorological station (430 m). During the sam-
pling period (May 2022–May 2023), the monthly precipitation 
surpassed the 20 years long-term average, notably in May, June, 
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and July 2022 (Figure S1). Conversely, April and May 2023 were 
lower than mean long-term values. The snowpack varies with el-
evation; for elevations between 400 and 800 m (transient snow 
zone), the snowpack persists for less than 2 weeks. Above 800 m 
(seasonal snow zone), the snowpack lasts up to 6 months, from 
November to June (Bierlmaier and McKee 1989). Snowpack at 
1295 m (UPLMET) has varied in the last 20 years with maxi-
mum snow water equivalent (SWE) between 240 (in 2005) and 
1570 mm (in 2023) (Daly et  al. 2025; Ortega  2024). In 2015, 
Lookout Creek and surrounding areas experienced a severe snow 
drought (Segura  2021), while the SWE in 2017 (1270 mm) and 
2023 (1570 mm) were above the median peak value (920 mm). 
Seasonal streamflow of Lookout Creek (USGS gauging station 
No. 14161500) reflects the transient snow (mixed rain-snow) 
influence with high flows in both winter (associated with rain 
events) and late spring (associated with snowmelt).

Lookout Creek is underlain by rocks of volcanic origin 
(Figure  1C) from the late Oligocene to early Miocene periods 
and exhibits three distinct zones: a region shaped by glacial ac-
tivity, an area dominated by earthflows, and a zone characterised 

by debris slides and flows (Goodman et al. 2023). The glacially 
sculpted zone (Lava-1 and Lava-2), situated on resilient lava and 
ash-flow bedrock (Swanson and James  1975), features smooth 
terrain, cirques, truncated spur ridges, and U-shaped valleys, 
with minimal alteration by subsequent geomorphic processes. 
Cold, Mack, and a portion of Longer Creeks are located within 
this zone (Figure 1C). The earthflow-dominated area, developed 
on volcaniclastic formations of ash with significant shrink-swell 
clays capped by hard rocks (Swanson and James  1975), show-
cases notable landslide features, including earthflows. Nostoc, 
a portion of Longer, and McRae Creeks fall within this zone 
(Figure 1C). The debris-flow dominated region, formed on fragile 
volcaniclastic rocks (Swanson and James 1975), is characterised 
by rugged topography and steep slopes, primarily comprising the 
lower elevation area of Lookout Creek.

2.2   |   Experimental Design

To explore how headwater systems contributed to main-
stem flow, we selected five perennial tributaries with variable 

FIGURE 1    |    (A) Location of the Lookout Creek catchment in Oregon. (B) Sampling sites across tributaries (△) and main stems (◯) catchments 
in the Lookout Creek catchment. Tributaries are Cold Creek–CC, Longer Creek–LC, Mack Creek–MC, Nostoc Creek–NC, and McRae Creek–MR. 
(C) Geology (lithology) and earthflow susceptibility (medium and high) areas in the Lookout Creek catchment (Andrews Forest LTER Site and 
Swanson 2013; Swanson 2005).
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drainage area and terrain characteristics (Figure  1B): Cold 
(CC), Longer (LC), Mack (MC), Nostoc (NC), and McRae (MR) 
Creeks, draining 0.69–15.6 km2 with catchment mean eleva-
tions between 913 and 1297 m (Table 1). In addition, we sampled 
five sites along the main stem of Lookout Creek before and after 
the junction with some headwater tributaries and at the outlet 
with the USGS gauging station (LO1–LO5) with drainage areas 
between 5.5 and 62.4 km2. These 10 sampling sites represent the 
diversity of catchments to Lookout Creek and were used to char-
acterise their relative streamflow contribution (Table 1).

2.3   |   Surface Water and Precipitation Sampling

Stream water samples were collected approximately weekly be-
tween May 2022 and May 2023, leading to a total of 277 samples 
across 10 sites (Table 1). Samples were collected from flowing 
water as close to the thalweg of the stream as possible. Sampling 
started in June 2022 at Nostoc, Longer, and Mack Creeks and in 
October 2020 at sites LO3 and LO4 (Table 1).

Composite precipitation samples have been collected weekly at 
the meteorological station PRIMET (430 m) since November 2014 
using a Palmex Rain Sampler (Rain Sampler Palmex Ltd., Croatia) 
designed to limit evaporation (Groning et al. 2012). Snow was not 
frequent at PRIMET. On rare occasions (~4 per year), we found 
water frozen inside the sampler. In these cases, water in the sam-
pler was thawed indoors before a liquid sample was collected. In 
total, 283 composite precipitation samples were collected between 
November 2014 and May 2023. Given restricted access to the study 
site during the 2019–2020 fire season, no precipitation samples 
were collected for 16 weeks between November 2018 and October 
2019. To ensure that our annual and seasonal estimates of precipi-
tation isotopes were not biased by this data gap, we estimated their 
isotope ratios based on the relationships between isotope ratios in 
Corvallis, OR (Brooks 2025) and isotope ratios in PRIMET. We 
found strong linear relations between overlapping samples col-
lected between 2014 and 2023 that received over 10 mm of precip-
itation in Corvallis (Figures S2, S3). These relationships were also 
used to estimate isotope ratios for 1 week in 2015 and three weeks 
in 2017. Altogether, we included 317 composite precipitation sam-
ples in the analysis.

All water samples were collected in 20 mL borosilicate glass 
vials with conical inserts and capped without headspace to 
prevent evaporation. The samples were stored in dark and cool 
conditions (< 15°C) until they were analysed for water stable iso-
topes (Segura et al. 2024).

2.4   |   Water Stable Isotopic Analysis

All water samples were analysed for stable isotope ratios (δ18O and 
δ2H) using a Picarro L2130–I cavity ring down spectroscopy liq-
uid and vapour isotopic analyser (Picarro Inc., CA). Samples were 
run under the high precision mode, with six injections per sam-
ple. The initial three injections were discarded to account for any 
memory effects (Qu et al. 2020). For calibration purposes we used 
two internal standards with δ18O between −14.6‰ and −7.7‰ and 
δ2H between −105.6‰ and −50.7‰. Additionally, a third internal 
standard (δ18O: −11.1 and δ2H: −80.1) was employed to estimate 

the accuracy of the analysis. All internal standards were calibrated 
with three of the International Atomic Energy Agency's primary 
standards: Vienna Standard Mean Ocean Water (VSMOW2), 
Greenland Ice Sheet Precipitation (GISP), and Standard Light 
Antarctic Precipitation (SLAP2). Precision (from 102 duplicated 
samples) was estimated as 0.02‰ for δ18O, 0.09‰ for δ2H, and 
0.15‰ for deuterium excess (d-excess) (Brooks et  al.  2022). The 
accuracy of the analyses was assessed by comparing 33 estimated 
values to a known internal standard, resulting in an accuracy of 
0.01‰ ± 0.04‰ for δ18O and 0.08‰ ± 0.25‰ for δ2H.

2.5   |   Analytical Methods

2.5.1   |   Streamflow and Specific Discharge Analysis

Streamflow records from 4 sites were used to investigate stream-
flow variability between May 2022 and May 2023. Two of these sites 
have long-term streamflow data: Lookout Creek-LO5 (USGS No. 
14161500) and Mack Creek (Johnson, Wondzell, et al. 2024), while 
Cold and Longer Creeks were instrumented with pressure trans-
ducers (Solinst Canada Ltd.) to record 15-min stage. Discharge 
was measured using the velocity–area method (Dingman  2002) 
using either a FlowTracker (SonTek, Xylem Inc.) or a pigmy meter 
(Performance Results Plus Inc.), and depth-discharge rating 
curves were developed based on 5–9 discharge measurements 
per site (Ortega 2024) using a power-law function (Herschy 2009). 
To evaluate the hydrologic regime of the 4 streams, we estimated 
the flow duration curve (FDC) based on daily discharge records 
(England et  al.  2018). Daily flows were normalised by drainage 
area for consistency (McMillan et al. 2017). The FDCs were used 
to infer flow variability (Buttle 2018). A relatively flat FDC is indic-
ative of low flow variability that can be associated to high ground 
water contributions while a steep FDC indicates high flow vari-
ability and possibly low groundwater contributions (Safeeq and 
Hunsaker 2016; Sawicz et al. 2011). The drop in flow between the 
5th and 95th percentiles (Q5–Q95) was used as a metric of flow vari-
ability (Buttle 2018). Finally, the monthly streamflow contribution 
from upstream gauged tributaries (Cold, Longer and Mack Creeks) 
to Lookout- LO5, QPartial(%), was estimated:

where QPartial i is the percentage (%) contribution of tributary to 
the main stem. QTributary i

 is the discharge (m3/s) of a given tribu-
tary, QMain stem is the discharge (m3/s) in Lookout Creek-LO5 and 
the subscript i correspond to the tributaries Cold, Longer, and 
Mack Creeks.

2.5.2   |   Precipitation and Stream Isotopic Analysis

We calculated average, volume-weighted average (precip-
itation) and standard deviation for precipitation and stream 
isotope values. All data sets of δ18O, δ2H, and d-excess in pre-
cipitation and stream samples (Segura et al. 2024) were tested 
for normality. Differences across normally distributed data 
were tested using parametric tests including t-student (t test), 
analysis of variance (ANOVA), and Tukey test whereas differ-
ences across non-normally distributed data were performed 

(1)QPartial i =

(QTributary i

QMain stem

)

∗100
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6 of 20 Hydrological Processes, 2025

with the nonparametric Kruskal–Wallis test Kruskal (Kruskal 
and Wallis  1952) all in MATLAB (MathWorks Inc. 2023). 
Volume-weighted averages (precipitation) are indicated with a 
doubled overbar (δ18O and δ2H) and the arithmetic average iso-
topic composition (streams) were presented with an overbar 
(δ18O and δ2H), to distinguish them from individual isotopic 
samples (δ18O and δ2H).

For precipitation data, we estimated volume-weighted Local 
Meteoric Water Lines (LMWL) on an annual and seasonal basis 
using the weekly δ18O and δ2H values collected at PRIMET 
between 2014 and 2023. LMWLs were based on a weighted 
least squares regression (Hughes and Crawford  2012) using 
Statsmodels package (Seabold and Perktold  2010) in Python 
considering 30–102 samples per season. The Global Meteoric 
Water Line GMWL (δ2H = 8 × δ18O + 10) was considered for 
comparative purposes (Craig 1961). For this study, seasons were 
defined as: spring (20-Mar–20-Jun), summer (21-June–22-Sep), 
fall (23-Sep–20-Dec), and winter (21-Dec–19-Mar). Finally, 
we compared the annual and seasonal LMWLs to the Global 
Meteoric Water Line (GMWL) based on the analysis of covari-
ance (ANCOVA).

For stream samples, we estimated isotopic lapse rates (relation 
between mean catchment elevation and mean isotopic ratios of 
stream water) using linear regression models (Beria et al. 2018; 
Poage and Chamberlain 2001).

2.5.3   |   Damping Ratios

Isotope damping ratios (Bansah and Ali  2019; Kirchner 
et  al.  2010; Sánchez-Murillo et  al.  2015) were calculated for 
all investigated catchments. The damping ratio (DR) which 
has been previously assessed for two sites in Lookout Creek 
(McGuire et  al.  2005) is the ratio of the standard deviation of 
stream (SDstream) isotopic values to the standard deviation of pre-
cipitation isotopic values (SDPpt) for the same period of time:

2.5.4   |   End-Member Mixing Analysis 
and Hydrograph Separation

Similarly to previous studies (Nickolas et  al.  2017; Segura 
et al. 2019), we estimated the contribution of Cold, Longer, and 
McRae Creeks to Lookout Creek (LO5) based on a two-end 
member mixing model for each tracer (δ18O and δ2H): With this 
approach we assumed that that inflow from groundwater along 
the mainstem is negligible.

where Q and C are streamflow and isotope ratios in upstream 
(up), tributary (trib), and downstream (down) locations in a net-
work junction. Fup and Fdown are the relative streamflow con-
tributions from the upstream (up) flow and tributary (trib) to a 
downstream location (down).

The uncertainty in the two end-member model was propagated 
(Genereux  1998), and the error-weighted average of the frac-
tional contribution obtained with both tracers is presented in 
the results. When there were more than two sources, we used 
the IsoSource Version 1.3 (Phillips and Gregg  2003) software, 
which provided a distribution of possible contributions for each 
end member. This strategy was used to estimate the contribu-
tions of LO3, Nostoc, and Mack Creeks to Lookout Creek (LO4). 
The uncertainty was estimated as the standard deviation of all 
possible solutions.

Two end-member mixing analysis using δ18O was used to esti-
mate event and pre-event water contributions for the largest 
precipitation event during the wet-up period in the fall of 2022 
in all sites. This wet-up period started on 10-Oct-2022, ended 
on 11-Nov-2022, and delivered 337 mm in PRIMET (Figure  2). 
This fall precipitation started after an unusually dry period 
(i.e., precipitation in the month of September 2022 was below 
the 35 percentile considering data since 1980). The samples 
collected on November 5 in all streams increased to their high-
est observed isotopic values after a large precipitation event on 
November 4 that delivered 113 mm of precipitation, with isotope 
and discharge values increasing quickly between October 29 and 
November 11 (Figure 2). The volume-weighted average incom-
ing precipitation (event water) for two samples collected between 
26-Oct-2022 and 8-Nov-2022 was −9.5‰ for δ18O and −62.4‰ for 
δ2H. We calculated the proportion of event water two ways: first, 
assuming the PRIMET value as the input, and second, we ad-
justed the input for varying elevation using an estimated stream 
lapse rate. We assumed that the mean isotopic values of stream 
samples collected ~8-Oct-2022–15-Oct-2022 represented pre-
event water and that the event water at the peak stormflow was 
represented by samples collected in 5-Nov-2022. Using the two 
estimates, we propagated the error in the event and pre-event es-
timates (Genereux 1998).

3   |   Results

3.1   |   Hydrologic Regime and Streamflow 
Contributions

Precipitation during the study period (May 2022–May 2023) var-
ied between 2155 mm in PRIMET and 2940 mm in UPMET and 
with the typical pattern for Lookout Creek with wet spring, dry 
summer, followed by large fall and winter storms (Figure 2 and 
Figure  S1); fall 2022 was drier than typically observed, while 
winter snow inputs were large with peak SWE of 1570 mm. 
Average streamflow in Lookout Creek between May 2022 and 
May 2023 was 3.1 m3/s, which was below the long-term an-
nual average of 3.4 ± 0.1 m3/s. Because of the large 2023 snow-
pack, spring (March–May) had over 21% more streamflow than 
the long-term values, while winter (December–February) had 
47% lower streamflow compared to the seasonal long-term av-
erage (Figure S1). Streamflow at all sites reflected the seasonal 

(2)DR =
SDStream

(

δ18O or δ2H
)

SDPpt

(

δ18O or δ2H
)

(3)QdownCdown = QupCup + QtribCtrib

(4)Fup =
Cdown − Ctrib
Cup − Ctrib

=
Qup

Qdown

(5)Fdown =
Cdown − Cup

Ctrib − Cup
=

Qtrib

Qdown

(6)Fup + Fdown = 1
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variation in precipitation (Figure  2) and both streamflow and 
stream stable isotopic composition responded to the first large 
storm event in November (Figure 2).

The total specific discharge (streamflow divided by drainage 
area) ranged from 1735 mm in LO5 to 4206 mm in Cold Creek. 
Notoriously, during low flow conditions (July–October), Cold 
Creek had the highest specific discharge with values greater 
than 7.6 mm/day, followed by Longer Creek with unit area dis-
charges higher than 2.7 mm/day (Figure 2, Table S1). Conversely, 
the specific discharge between July–October in Mack and LO5 
was below 1.3 mm/day (Figure 2, Table S1).

High flows (Q5) varied between 9.3 mm/day in Longer Creek 
and 23.5 mm/day in Cold Creek, while low flows (Q95) ranged 
between 0.4 mm/day in Mack and LO5 and 5.8 mm/day in Cold 
Creek (Figure  3A and Table  S2). The most dramatic Q5–Q95 
drop in flow occurred in Mack Creek, where flow decreased by 
20.9 mm/day. The Q5–Q95 drop in flow in Longer Creek was more 
stable over time, decreasing by only 6.4 mm/day (Table S2). The 
FDC slopes (Sawicz et al. 2011) were steeper in Mack (4.1) and 
LO5 (3.7) than in Cold (1.2) and Longer (1.1) Creeks (Table S2). 
The water contribution from high elevation catchments (Longer 
and Cold Creeks) to the outlet Lookout (LO5) was relatively 
large, reaching 51% in September (Figure  3B). The stream-
flow contribution from the tributaries (Cold, Mack and Longer 
Creeks) to LO5 ranged from 30% to 61% during periods of low 

FIGURE 2    |    Precipitation (mm/day), precipitation isotopic signature (δ18O), streamflow (mm/day), and stream isotopic signature (δ18O) during the 
study period (May 2022–May 2023) for the sampling sites (CC, LC, MC, NC, MR, and LO1–LO5).

FIGURE 3    |    Flow duration curve (A) for the gauged catchments 
and (B) relative monthly streamflow contribution (%) from Cold (CC), 
Longer (LC), and Mack (MC) Creeks to the Lookout Creek USGS station 
(LO5) during the sampling period (May 2022–May 2023).
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8 of 20 Hydrological Processes, 2025

flow conditions (July–October, Figure 3B). In contrast, through-
out the remaining months (November–June), the proportional 
contribution for all these tributaries did not exceed 22%.

3.2   |   Precipitation and Stream Isotopic Signatures

3.2.1   |   Seasonal Variability of Precipitation 
Isotope Ratios

Weekly precipitation water isotope ratios 2015–2023 varied be-
tween −145.3‰ and −1.9‰ for δ2H and −19.3‰ and 3.7‰ for 
δ18O (Figure 4). The volume-weighted average precipitation iso-
topic ratios (2015–2023) for PRIMET were −72.2‰ ± 20.3‰ for 
δ2H, −10.4‰ ± 2.5‰ for δ18O, and 10.9‰ ± 4.4‰ for d-excess 
(Table S3). The volume-weighted average precipitation isotopic 
signature values for the sampling period (May 2022–May 2023) 
did not differ from the 2015–2023 (Table S3) values of δ18O, δ2H, 
and d-excess (t-tests, p = 0.09–0.66).

Seasonally, the precipitation isotopic signature was strongly in-
fluenced by large fall and winter precipitation events associated 
with lighter values and high d-excess (Figure 4, S4A, Table S4). 
Conversely, precipitation events during the summer season 
were small and characterised by higher isotope values with low 
d-excess. Volume-weighted average isotope ratios for spring 
(δ18O: −10.4‰ ± 2.5‰) and winter (δ18O: −11.2‰ ± 2.4‰) were 
the lowest. In contrast, volume-weighted average isotope ratios 
in fall (δ18O: −9.5‰ ± 2.3‰) and summer (δ18O: −8.2‰ ± 2.4‰) 
were the highest (Table S4).

Precipitation d-excess varied significantly with seasons, with lower 
values in the spring (d-excess: 7.6‰ ± 4.7‰; n = 95) and summer 

(d-excess: 8.5‰ ± 7.6‰; n = 30) compared to the winter (d-excess: 
11.4‰ ± 3.5‰; n = 102) and fall (d-excess: 13.0‰ ± 3.0‰; n = 90) 
(Table S4). Storms in the fall and winter were larger than in the 
spring and summer, with 55% of the weekly samples associated 
with over 50 mm of rain. In contrast, only 25% of the samples col-
lected in the spring and summer were associated with precipitation 
amounts above 50 mm. Indeed, 61% of all precipitation between 
2015 and 2023 had d-excess above 10‰, reflecting the relevance of 
fall and winter inputs (Figure S4).

The seasonal differences in precipitation influenced the sea-
sonal LMWLs, while the 2015–2023 LMWL was very sim-
ilar to the GMWL. The slope of the LMWL for 2015–2023 
(−7.8‰ ± 0.1‰) was not statistically different to the slope 
of the GMWL, although the intercept of 9.3‰ was signifi-
cantly lower than the GMWL intercept of 10‰ (Table S5 and 
Figure  4). However, LMWLs differed seasonally; particu-
larly, the seasonal LMWLs had significantly different inter-
cepts, resulting in a series of parallel LMWLs (Figure 4B and 
Table S5). The spring LMWL had the lowest intercept with a 
low slope falling below the other seasonal LMWL (Figure 4B), 
followed by the summer LMWL. The fall and winter LMWL 
had significantly higher intercepts, with most precipitation 
values plotting above the 2015–2023 LMWL and GMWL. This 
significant seasonal difference in precipitation d-excess can 
be an excellent signal for distinguishing the seasonal origin of 
water within the stream (Sprenger et al. 2024).

3.2.2   |   Seasonal and Spatial Variation in Water Isotopic 
Ratios in Stream Water

Water isotope ratios in the stream samples were less vari-
able than in the precipitation samples (Figure  2). Isotope val-
ues across all stream samples varied from −80.7‰ to −67.3‰ 
for δ2H, from −11.8‰ to −10.0‰ for δ18O, and from 10.2‰ to 
14.6‰ for d-excess, with mean values of −74.5‰ ± 2.4‰ for 
δ2H, −11.0‰ ± 0.3‰ for δ18O, and 13.2‰ ± 0.5‰ for d-excess 
(Table 2). The isotope ratios in the tributaries were significantly 
less variable (i.e., lower standard deviation, Table 2) than the iso-
tope ratios in the main stem (t-test, p < 0.011).

Seasonally, water isotopic ratios in streams were heavier in the fall 
than in all other seasons (Tables S6, S7). High isotope values sys-
tematically occurred in November during the first storm in 2023 
(Figures 2 and 5). Conversely, in most sampling sites (6 out of 10), 
the lowest isotope values occurred in May. Mean seasonal stream 
d-excess was higher in spring (d-excess: 13.4‰ ± 0.6‰) and 
winter (d-excess: 13.3‰ ± 0.4‰) than in the summer (d-excess: 
13.1‰ ± 0.4‰) and fall (d-excess: 13.0‰ ± 0.5‰, Tables  S6, S7), 
but all were above the d-excess of the GMWL and LMWL.

Stream isotopic values varied spatially (Figure  6A). Among 
tributaries, Cold Creek, the most upstream catchment, had the 
lowest average isotopic signature (δ18O: −11.4‰; δ2H:-78.2‰, 
Table 2, Figures 2, 5). In contrast, Nostoc and McRae Creeks, 
the most downstream sampled tributaries, had the highest av-
erage isotopic signature (δ18O: −10.6‰; δ2H: −72.0‰, Figures 2 
and 5). Within the main stem of Lookout Creek, the lowest av-
erage isotopic signature was in the second most upstream main 

FIGURE 4    |    Relationship between the δ18O and δ2H (A) values for 
the 317 weekly precipitation samples (November 2014–May 2023). All 
samples were included in the analysis. Red dashed line represents the 
Local Meteoric Water Line (LMWL) and the black dashed line rep-
resents the Global Water Meteoric Water Line (GMWL). The insert in 
the right-lower corner (B) includes the seasonal weighted isotopic val-
ues with their respective LMWL.
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9 of 20

stem catchment after the junction with Cold Creek (LO2, δ18O: 
−11.2‰; δ2H: −76.3‰), while the most downstream location in 
Lookout Creek (LO5) had the highest average signature (δ18O: 
−10.8‰; δ2H: −73.3‰) (Table 2, Figures 2 and 5). Finally, we 
also found that the standard deviation of the fall isotope ratios 
was significantly higher than the standard deviations in all 
other seasons (Tables S6, S7).

During the study period, a strong negative relationship be-
tween average surface water isotope ratios (δ18O and δ2H) and 
catchment mean elevation (Figure  6B, Table  S8) was evident. 
We found a positive relationship between d-excess and catch-
ment elevation (R2: 0.65, p = 0.005, Table S8). The isotopic lapse 
rates for the study period (considering average isotopic values 
per site) were −0.16‰/100 m for δ18O, −1.08‰/100 m for δ2H, 
and 0.21‰/100 m for d-excess (Table S8). Despite these general 
trends, some catchments displayed different average isotope val-
ues than those expected solely based on catchment mean eleva-
tion. For example, even though the mean elevation of LO1 (1257 
m) and LO2 (1258 m) were similar, the mean isotopic signature 
in LO1 was significantly higher (−10.9‰ for δ18O) than the mean 
isotope values in LO2 (−11.2 for δ18O) (ANOVA, F = 36.5–39.6 
for δ18O and δ2H, Tukey test, p < 8.0 10−5).

3.2.3   |   Damping Ratios

The damping ratio indicates stream isotopic variation relative 
to the precipitation isotopic variation. Since the same value of 
precipitation isotope variation was used for all streams in the 
study, variation in this ratio indicated differences in stream 
variance. The δ18O and δ2H damping ratios varied between 
0.03 (Longer Creek) and 0.14 (LO1). Broadly, damping ratios 
were lower across tributaries than across the main stem sites 
(Figure S5A) and were moderately correlated (R2 = 0.80, p = 0.1) 

to the Q5–Q95 drop in flow for the four catchments with stream-
flow data. Across the five tributaries, the average damping ratio 
was 0.08 for both δ18O and δ2H. Mack Creek (0.10) and McRae 
(0.09) Creeks had the highest damping ratios for both isotope ra-
tios, whereas Longer Creer had the lowest damping ratio (0.03). 
Across the five main stem sampling sites, the average damping 
ratio was 0.13 for both δ18O and δ2H. LO3 had the highest value 
with 0.15, while LO5 had the lowest ratio (0.10) (Figure S5A). 
The damping ratio at the outlet of Lookout Creek (LO5) over-
laps the damping ratios for McRae and Mack Creeks reflecting 
the large influence of the largest tributaries (by drainage area, 
Table 1). The damping ratios in Nostoc and Longer Creeks were 
the lowest, implying that these systems potentially drain water 
that has been in storage for a longer time. While Cold Creek also 
had a relatively high damping ratio (high variance), this higher 
variance was driven by the high  isotope value measured after 
the largest precipitation event in Nov 2022 (Figures  2 and 5). 
Without this one event, the damping ratio in Cold Creek would 
have been 55% lower (0.04). The damping ratios for all other sites 
were influenced by this precipitation event to a lesser degree 
(Figure S5B).

3.2.4   |   Linking Precipitation and Stream Isotopic 
Signature Patterns

Stream dual isotope plots showed that streamflow isotope 
values varied seasonally and consistently exhibited higher d-
excess compared to precipitation (Figure 5). In general, stream 
isotope ratios were elevated during the summer and fall, 
particularly during the first large storm event in November 
(Figures  2 and 5). The relationships between δ18O and δ2H 
were strong, with slopes ranging from 6.5 to 8.1, showing less 
variation than the intercepts, which ranged from −3.5‰ to 
14.1‰ (Figure  5). In all cases, stream isotope ratios plotted 

TABLE 2    |    Summary of the mean and standard deviation (�) for isotope ratios (δ18O, δ2H) and deuterium excess (d) for stream samples collected 
at the different sampling sites.

Site 𝛅
18O± 𝛔 (‰) 𝛅

2H± 𝛔 (‰) d± 𝛔 (‰) Min (δ18O, δ2H, d) Max (δ18O, δ2H, d) na

CC −11.4 ± 0.2 −78.2 ± 1.7 13.4 ± 0.3 −11.8, −80.7, 12.7 −10.3, −69.6, 13.9 34

LC −11.0 ± 0.1 −74.9 ± 0.6 13.1 ± 0.2 −11.0, −75.5, 12.6 −10.8, −73.2, 13.5 29

MC −10.8 ± 0.2 −72.9 ± 1.6 13.6 ± 0.4 −11.2, −77.2, 10.2 −10.0, −67.5, 14.3 27

NC −10.6 ± 0.2 −72.5 ± 1.2 12.3 ± 0.3 −11.5, −79.0, 12.9 −10.1, −67.7, 14.6 27

MR −10.6 ± 0.2 −72.0 ± 1.5 13.1 ± 0.4 −11.6, −79.7, 12.7 −10.2, −68.3, 13.5 34

Average [Max, Min] −10.9 ± 0.4 −74.2 ± 2.8 13.1 ± 0.5 [−11.8, −80.7, 11.4] [−10.0, −67.3, 14.5] 151

LO1 −10.9 ± 0.3 −74.1 ± 2.0 13.2 ± 0.7 −11.4, −78.2, 12.6 −10.1, −68.0, 13.4 31

LO2 −11.2 ± 0.3 −76.3 ± 2.4 13.5 ± 0.3 −11.3, −77.0, 11.9 −10.0, −67.3, 14.0 31

LO3 −11.0 ± 0.3 −74.9 ± 2.5 13.3 ± 0.2 −11.0, −74.5, 12.7 −10.1, −67.5, 14.5 14

LO4 −10.9 ± 0.3 −73.8 ± 2.3 13.1 ± 0.2 −11.1, −75.9, 12.2 −10.0, −67.3, 14.2 15

LO5 −10.8 ± 0.2 −73.3 ± 1.7 13.0 ± 0.4 −10.7, −73.8, 11.4 −10.0, −68.2, 12.8 35

Average [Max, Min] −11.0 ± 0.3 −74.5 ± 2.4 13.2 ± 0.5 [−11.6, −79.7, 10.2] [−10.0, −67.3, 14.6] 126
aNumber of samples.
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10 of 20 Hydrological Processes, 2025

systematically above the mean local meteoric water line, re-
gardless of season (Figure 5).

Assessing the location of seasonal average stream isotopic signa-
tures in the dual isotope plots (Figure 7) provides insights into 
the seasonal influence of meteoric water on streamflow. During 
the fall season, water isotope ratios in the streams plotted along 
the fall LMWL, but well above the GMWL and 2015–2023 
LMWL (Figure  7A). In contrast, stream water isotope ratios 
from other seasons plotted well above their seasonal LMWL, 
the GMWL and 2015–2023 LMWL (Figure 7B–D), stream water 
isotope values from all seasons matched that of the fall LMWL. 
The seasonal average d-excess values for stream samples across 
sampling sites were similar (12.1‰–13.8‰) to the seasonal 
weighted average d-excess in precipitation samples collected in 
the fall (13‰) and winter (11.4‰); however, they were greater 

than the weighted average precipitation d-excess in the spring 
(7.6‰) and summer (8.5‰) (Figure S6).

3.3   |   End-Member Mixing Analysis 
and Hydrograph Separation

3.3.1   |   Tributary Streamflow Contributions

End-member mixing analysis with both δ18O and δ2H was 
used to estimate the streamflow contribution of the sampled 
tributaries to Lookout Creek and the uncertainties (Figure 8). 
Seasonal dynamics in streamflow contribution were evident at 
the most upstream junction of LO1 and Cold Creek into LO2, 
where we had the most data. Cold Creek contributed most 
of the flow (70% to 90%) to LO2 during low flow conditions 

FIGURE 5    |    Dual isotope plot (δ18O and δ2H) by catchment. A linear regression line (black line) was estimated using the isotopic signature of each 
site. The Local Meteoric Water line (LMWL) from PRIMET for the May 2022—May 2023 period, was also included for reference (red dashed line). 
Left column includes tributaries: Cold (CC), Longer (LC), Mack (MC), Nostoc (NC), and McRae (MR) Creeks. The right column includes the main 
stem sampling locations in Lookout Creek (LO1–LO5). Points are coloured to indicate the month in which each sample was collected.
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(July–October) (Figure  8B,C), even though Cold Creek com-
prises only 11% of the catchment area for LO2. In contrast, 
during wetter periods, LO1 contributed the most flow to LO2. 
In May, June, November, January, and February, the LO1 con-
tribution to LO2 varied from 65% to 100%. For other stream 
junctions water contributions could only be determined for 
4 months (October, November, January, and February). Longer 
Creek supplied more to LO3 than LO2 in October, contribut-
ing 93% of the flow (Figure 8B,C) while being only 18% of the 
catchment area for LO3. In November, January, and February 
when discharge was higher, LO2 contributed over 65% of the 
water downstream to LO3 which was more representative of 
its proportion of the catchment (Figure  8B,C). Nostoc and 
Mack Creeks never contributed more than LO3 to flow in LO4 
with average contributions of 14% for Nostoc (6.4% of the LO4 
catchment) and 29% for Mack (19% of the LO4 catchment). 
The streamflow contribution of LO3 was consistently above 
60% (Figure  8B,C). Finally, the streamflow contributions to 
LO5 were predominantly from McRae Creek, averaging 68%. 
October was the only month when Upper-Lookout Creek 4 
(LO4) contributed more discharge than McRae Creek, with a 
contribution of 65% (Figure 8B,C).

3.3.2   |   Storm Hydrograph Separation

Using δ18O values in stream and precipitation samples, we es-
timated the relative contribution of event and pre-event water 
for the wet-up precipitation in the fall of 2022 that evoked a hy-
drologic response. The mean weighted pre-event water contri-
bution varied between 31% and 49% for Cold, Mack, Nostoc, and 
McRae Creeks; and 29% and 61% for all LO1–LO5 and over 80% 
for Longer Creek, while discharge increased nearly two orders 
of magnitude at LO5 (Table S9). Hydrometric analysis (Table 1) 
indicated that peak streamflow occurred on 04-Nov-2022 (Cold 
Creek and Longer Creek) and on 05-Nov-2022 (Mack Creek and 
LO5) (Table S9).

4   |   Discussion

We found that flow in a 5th-order mountainous stream depended 
on a range of short- to long-term water storage mechanisms. 
Five headwater streams varied in their damping ratios, indicat-
ing a range of water storage and groundwater connectivity, re-
sulting in temporally variable contributions for each headwater 

FIGURE 6    |    Spatial distribution of the average stream isotopic signature (δ18O) represented by blue shading across sampling sites in Lookout 
Creek (coloured circles) and tributaries (shaded catchments) between May 2022 and May 2023 (A). Red and black water divide represent headwater 
streams and Lookout Creek boundary. (B) Relationship between mean catchment elevation and stream average isotopic signature (δ18O) by catch-
ment. Filled and unfilled markers depict the average and individual sample values. Linear regression line (dashed black line) was estimated using 
the average isotopic signature of each sampled site.
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catchment to downstream flow. This variability among tributar-
ies likely contributes to the maintenance of flow at the down-
stream gauging station (LO5) where a few headwater streams 
with low damping ratios and dampen flow duration curves 
(FDC) provide most of the flow during low flow periods, while 
headwater systems with higher damping ratios and steeper FDC 
contribute most flow during the wetter period. Observations 
during the first large precipitation event (Figure 2), after a rel-
atively dry fall, indicated that pre-event water contributions 
were in part controlled by differences in storage inferred from 
earthflow and landslides terrain. We found higher fractions of 
pre-event water in catchments with a high presence of these 
depositions. We speculate that the storage capacity of these 
deposits enhances connectivity between surface and ground-
water sources. We found that water isotopes in streamflow re-
flected precipitation isotopes with high d-excess values, only 
matching the fall local meteoric water line (LMWL). This indi-
cates that large fall and early winter storms with high d-excess 
(Figure  S4B) preferentially recharged water storage that then 
supplied streamflow year-round to these systems.

4.1   |   Seasonal Precipitation Influence on 
Streamflow Sources

Seasonal isotopic differences, particularly in d-excess, proved 
to be a useful tool for understanding the seasonal origin of 
water within the stream network. Seasonal LMWL at the 
Lookout Creek catchment had similar slopes to the GMWL 
and the long-term (2015–2023) LMWL in all seasons except 
for spring, which was significantly less steep. Conversely, 
the intercept of the LMWLs varied widely and was, in all 
cases, different. The intercept of the LMWL in spring (1.4‰) 
and summer (2.1‰) is much lower than the intercept for the 
GMWL (10‰) while the intercept for the fall (11.9‰) and 
winter (11.6‰) is much higher than 10‰. The difference for 
spring and summer could be attributed to kinetic fraction-
ation during the evaporation of rain droplets (precipitation 
subject to secondary evaporation) below the cloud base, which 
can result in a slope lower than 8‰ (Dogramaci et al. 2012; 
Gat and Matsui 1991; Martinelli et al. 1996). Frontal systems 
during the spring and summer are likely strongly influenced 

FIGURE 7    |    Seasonal (A–D) dual stream isotopic plot across all study catchments between 2015 and 2023. Black dashed line is the global meteoric 
water line (GMWL), and the seasonal local meteoric water lines (LMWL) are in solid colours. The 2015–2023 LMWL is included (red-dashed line). 
Error bars are standard errors. Seasons were defined: Spring (03/20–06/20), summer (06/21–09/22), fall (09/23–12/20), and winter (12/21–03/19).
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by nonequilibrium evaporation at the source due to frequent 
high temperatures during relatively smaller storm magni-
tudes (Benjamin et al. 2005; Jeelani et al. 2013). This is consis-
tent with observations in arid (Clark and Fritz 1997; Kendall 
and Coplen 2001) and humid regions during dry springs and 
summers (Müller et al. 2017; Nickolas et al. 2017).

The intercept of the LMWL in the fall and winter was significantly 
higher than the intercept of the GMWL, indicating the influence 
of high d-excess vapour sources that formed at relatively low tem-
perature and relative humidity with mixed ice-rain phase clouds 
(Putman et al. 2019). Putman et al. (2019) found that precipitation 
d-excess was often much higher during cold seasons as compared 
to warm seasons at the same site. In Lookout Creek, precipitation 
with d-excess above 10‰ occurred primarily in the fall and win-
ter, corresponding to almost two-thirds of all water inputs between 
2015 and 2023 (Figure S4B).

Unlike precipitation inputs, stream isotopic ratios had consis-
tently high d-excess of approximately 13.2‰ (Figure  S6) and 
varied seasonally along a single dual isotope line that was above 
the LMWL (Figure 5). The high d-excess value highlighted the 

importance of fall and winter storms as the dominant water 
source for streams year round (Sprenger et al. 2024). This is not 
surprising considering that most precipitation is received during 
these seasons (Bierlmaier and McKee 1989; Crampe et al. 2021; 
Jones and Perkins  2010), and plant transpiration is relatively 
low. In contrast, spring and summer precipitation inputs ap-
pear to have had less influence on stream waters. Despite high 
soil moisture storage, summer inputs to streamflow would be 
expected to be negligible considering the low precipitation vol-
umes (Figure 4 and Figure S1) and the competing demand from 
plant transpiration. While spring inputs are larger, plant tran-
spiration is likely larger in spring than in fall and winter (Perry 
and Jones  2017). In addition, snowmelt, which reflects stored 
winter precipitation, would also dampen the signal from spring 
storms (Jennings and Jones 2015). The winter of 2023 had a rel-
atively large snowpack, and when snowmelt entered the streams 
in May, we observed the lowest isotope ratios (Figures 2 and 5) 
which were much lower than isotope ratios from the incoming 
precipitation at the time.

As observed across many mountain ranges, mean isotopic values 
decreased with catchment elevation (e.g., Bershaw et  al.  2016; 

FIGURE 8    |    Streamflow contribution to Lookout Creek from Cold, (CC), Longer (LC), Nostoc (NC), Mack (MC), and McRae (MR) Creeks. Stream 
diagram (A) illustrates the layout of end-members and outlets along the Lookout Creek. (B) shows the monthly streamflow contribution from the 
tributaries in (A) and associated uncertainty (black lines at the top of the bars), and water stable isotope ratios (C) represents stream average isotopic 
signature in tributaries and main stem, with error bars denoting the standard deviation. In (B), for the mixing models with two 2 end-members, the 
error bars indicate weighted standard deviation (error propagation), considering δ18O and δ2H. For the group with 3 end-members (MC, NC, LO3) the 
error bars represent the standard deviation of the distributions of possible solutions obtained with IsoSource. No samples were collected in LO3 and 
LO4 between May and Sep 2022 thus no estimates of streamflow contributions from LC, NC, MC or MR were possible.
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14 of 20 Hydrological Processes, 2025

Peng et  al.  2015; Wassenaar et  al.  2011), which we assume is 
driven by the rain-out process with precipitation and orographic 
lift. However, we had only one location for precipitation isotope 
values, so our inferences in this spatial variation are made from 
surface water measurements. Our calculated surface water el-
evation lapse rates (1.61‰ km−1 for δ18O and 10.7‰ km−1 for 
δ2H) were similar to a precipitation lapse rate calculated for the 
same site (0.15‰ km−1 for δ18O) (McGuire et  al.  2005) and to 
the mean lapse rates calculated for high-elevation springs in the 
Cascade mountains (1.6‰ km−1for δ18O and 10.57‰ km−1for 
δ2H) (Jefferson et al. 2006) and smaller than a surface water lapse 
rate calculated for the larger Cascade Mountain region (2.8‰ km 
−1 for δ18O and 20.6‰ km −1 for δ2 H) (Brooks et al. 2012). The 
positive relation we found between mean catchment elevation 
and d-excess was previously reported for the summer at this site 
(Segura et al. 2019) and for other mountainous regions (Bershaw 
et  al.  2012; McGill et  al.  2021; Voss et  al.  2020). This relation 
could reflect greater Rayleigh distillation and moisture recycling 
in lower elevations and the larger contribution of snow with 
elevation (Ciais and Jouzel 1994; Putman et al. 2019; Sprenger 
et al. 2024).

4.2   |   Influence of Headwater Catchment 
Heterogeneity on Streamflow Generation

Although the relationship between the isotopic composition 
of stream water and elevation is strong, there were consider-
able deviations from the linear fit (Figure 6B), especially LO1, 
Mack, and Cold Creeks. The lighter water in Cold Creek has 
been reported before for the summer (Segura et al. 2019) and 
reflects an important high elevation water source (Bershaw 
et al. 2012; Gonfiantini et al. 2001; Liotta et al. 2013). In con-
trast, Mack Creek and LO1 were characterised by mean iso-
topic signatures that were higher than expected (Figure  6B) 
likely reflecting a stronger relative influence of precipitation 
events and lower subsurface storage. Although the mean iso-
tope values for the remaining seven locations varied consis-
tently with the estimated lapse rate, the variance of isotope 
ratios within catchments was different among sites. Isotope 
ratios within tributaries were less variable than isotope ra-
tios within the main stem sites. The higher variability in the 
isotope ratios for the main stem sites is caused by the tempo-
rally changing contributions from upstream catchments and, 
at least in part, the influence of the inputs from intermittent 
streams that seasonally drain water during the wet seasons in 
this region. As such, the standard deviation of the isotope ra-
tios collected during the fall was higher than the standard de-
viations for samples collected in all other seasons (Tables S6, 
S7). This variable input from upstream catchments to down-
stream flow seasonally buffers to some degree the temporal 
variation of precipitation inputs as short- to long-term storage 
pools were filled and emptied at different rates through time 
(Leibowitz et al. 2016; Spence 2007). Among tributaries, isoto-
pic variability in Longer Creek was much lower than the isoto-
pic variability of any other site, indicating that this has a large 
stable subsurface storage that remains connected to stream-
flow and, as such, was affected the least by discrete storms.

The relatively lower FDC slope for Longer and Cold Creeks com-
pared to other streams (Figure 3) can be interpreted as indicative of 

relatively high groundwater contributions. Differences in storage 
were also reflected in the variability of water isotope ratios. Isotope 
ratios in McRae and Mack Creeks and LO1 were much more vari-
able than in Cold and Longer Creeks, reflecting lower storage. 
Streamflow in these streams is likely more responsive to varia-
tions in precipitation (Huang and Yeh 2022) as inferred from the 
higher FDC slope for Mack compared to Cold and Longer Creeks 
(Table S2). This variability among catchments reflected differences 
in storage that were exacerbated during dry summer conditions 
and influenced their seasonal contributions to downstream sites.

4.3   |   Variable Storage Influence Streamflow 
Generation and Water Contributions

The role of groundwater in streamflow generation has been a 
subject of debate. Early studies highlighted its relevance as a 
major component of storm flow (e.g., Maloszewski et al. 1983; 
Sklash and Farvolden 1979). Later, some suggested that ground-
water actually plays a minimal role in streamflow generation in 
mountain systems due to steep slopes and shallow soil develop-
ment (McGlynn et al. 2002; Weiler et al. 2006). However, recent 
research has shown that mountain catchments can have a sub-
stantial capacity for groundwater storage and discharge, which 
is crucial for maintaining streamflow during dry periods in 
mountains in the Andes (Calvi et al. 2024), California (Johnson 
et  al.  2023), Colorado (Johnson, Christensen, et  al.  2024; 
Johnson et al. 2025), Germany (Uhlenbrook et al. 2002), Oregon 
(Karlstrom et al. 2025), Scotland (Soulsby et al. 2000), and Spain 
(Jódar et al. 2017). Here, we rely on metrics of flow variability 
and groundwater influence derived from hydrometric informa-
tion such as the Q5–Q95 drop in flow (Buttle 2018), the slope of 
the FDC (Sawicz et al. 2011) and metrics of mobile storage—iso-
tope derived damping ratios (e.g., Kirchner et al. 2010; McGuire 
et al. 2005; Soulsby et al. 2015). In addition, we considered the 
presence of geomorphic features such as earthflows and land-
slide deposits to infer spatial variability of storage potential 
(Segura et al. 2019; Somers and McKenzie 2020).

The observed variability in Q5–Q95 drop in flow, the FDC slope, 
and the isotope damping ratios highlights heterogeneity in run-
off generation. Cold and Longer Creeks exhibit lower slopes 
in the FDC than Mack Creek (Figure  3, Table  S2), suggesting 
greater groundwater contribution. The spatial variability in 
damping ratios is partially explained by the presence of geo-
morphic features with landslide and earthflow deposits linked 
to lower damping ratios and higher mobile storage (Figure 9A) 
(McGuire et  al.  2005; Swanson and James  1975). Longer and 
Nostoc Creeks, with over 60% of their drainage areas underlain 
by these features, have low damping ratios (Figure 9).

Lower isotope variability in Longer Creek aligns with its low Q5–
Q95 drop (i.e., low FDC slope), indicating a well-mixed groundwa-
ter source (McGuire and McDonnell 2006; Soulsby et al. 2006). 
While McRae and Longer Creeks have similar catchment slopes 
and earthflow and landslide coverage (Table 1), McRae's higher 
damping ratio suggests lower mobile storage, possibly due to dif-
ferences in deposit porosity. McRae Creek drains more incised 
streams over landslides of different ages, whereas Longer Creek, 
in glaciated terrain, has active earthflows and twice as much 
permeable young lava flows (Goodman et al. 2023; Swanson and 
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James 1975). These porous deposits enhance storage, explaining 
why catchments like Longer and Cold Creeks sustain significant 
streamflow during dry conditions (Karlstrom et al. 2025; Segura 
et al. 2019).

Specific discharge in August–October 2022 in Cold and Longer 
Creeks was 16–18 and 5–7 times higher than in Lookout Creek 
(Table  S1). Studies have highlighted the controlling effect of 
moisture availability and evapotranspiration (Lyon et al. 2012), 
geology, and topography (Asano et  al.  2020) on specific dis-
charge with no clear consensus across variability or drivers 
(Floriancic et al.  2019). During the low flow period, Cold and 
Longer Creeks support ~50% of the total flow in Lookout. Water 
isotope ratios in Cold Creek were the lowest (Figure 2). Notably, 
lower than in LO1 located at similar elevation (Table 1). Given 
the high specific discharge, the low isotopic ratios, and the rela-
tively high water contribution of this stream to Lookout Creek, 
we infer that Cold Creek is sourced in part from a large ground-
water storage recharge through the permeable lava flows that 
underlain 40% of its drainage and are located in the catchment 
ridge (Figure 1). Given Cold Creek's limited drainage area and 
the consistently low stable isotope ratios throughout the year, 
local snowmelt alone cannot account for the observed ground-
water input. It is more likely that most recharge occurs during 
the wet season from precipitation falling outside the catchment's 
topographic boundaries, particularly along the ridge overlying 
the lava flows (Karlstrom et al. 2025, Segura et al. 2019). This 
mechanism is also possible in Longer Creek but to a lesser ex-
tent, not only because the specific discharge in Longer Creek 
was not as high as in Cold Creek but also because the lower isoto-
pic variability implies a well-mixed local water source. Together, 
the information from the flow duration curve, damping ratios, 
and the presence of geomorphic features indicated that Cold and 
Longer Creeks have higher contributions of groundwater com-
pared to the other catchments. These streams supply substantial 
amounts of water during the summer and are critical sources of 
water for Lookout Creek.

The wet-up period we analysed corresponded to the first hy-
drograph response in the 2023 water year after a very long dry 
period. The hydrograph separation results illustrate differences 
in pre-event water contributions that are in part controlled by 

differences in storage. Catchments with high earthflow and 
landslide fractions had higher pre-event water. The pre-event 
fraction was below 50% across sites except Longer Creek, which 
had a pre-event fraction > 82% (Figure 9B). This indicates that 
storage and groundwater contributions in this site are large and 
mobilised to the stream even during dry conditions, whereas 
the contribution of groundwater in Cold Creek during the 
storm appears to be much smaller, with only 39% of pre-event 
fraction. The unexpectedly high damping ratio for Cold Creek 
(Figure S3A) was mainly driven by one high isotopic value col-
lected during the precipitation event (Figure 2). Without this one 
sample, Cold Creek had a damping ratio similar to Longer and 
Nostoc Creeks (Figure S5B). This indicates that during this first 
storm a large fraction of the water in Cold Creek was possibly 
sourced from the event precipitation and not from groundwa-
ter. Likely, connectivity between the stream and the high ele-
vation sourced groundwater was low during this unusual dry 
fall period. Although the storm delivered a significant amount 
of event water to Cold Creek, the increased moisture appeared to 
have quickly promoted the reconnection of Cold Creek to its iso-
topically lighter groundwater source, as stream isotope values 
quickly returned to the pre-event values (Figure 2).

4.4   |   Implications

The variable hydrologic response observed in small catch-
ments is fundamental to understanding streamflow variabil-
ity at the outlet. In the context of mountainous catchments, 
outlet-based observations alone are insufficient to capture the 
spatially heterogeneous responses of different catchment com-
ponents to changing hydrometeorological conditions (Floriancic 
et  al.  2019). These findings have significant implications for 
hydrological modelling and scaling, as they highlight the ne-
cessity of incorporating spatial variability in runoff generation 
processes. The observed heterogeneity in runoff dynamics is 
likely to result in differential responses to disturbances, influ-
encing catchment-scale hydrologic resilience and recovery. In 
the wet forests of the Pacific Northwest, where the Lookout 
Creek catchment is located, future climate scenarios depict in-
creasing wildfire activity (Dye et al. 2024; Halofsky et al. 2020; 
Holden et al. 2018). Wildfire in this region can have catastrophic 

FIGURE 9    |    Relationship between the damping ratio (δ18O) (A) and the pre-event water fraction of the November 2022 storm event in the study 
catchments, in relation to geomorphic features: Earthflows and landslides. The error bars in (B) represent the weighted error considering two differ-
ent event water estimates (Table S9).
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impacts on forest values and services because these ecosystems 
are the main source of water for downstream communities and 
ecosystems (Wampler et al. 2023). The role of storage on the het-
erogeneity of streamflow generation that we observed is import-
ant for developing mechanistic understandings of how the water 
cycle will change following wildfire. We expect that hydrologic 
resilience will be mediated by storage. As such, this study can 
inform management strategies of montane water resources. 
For example, work emerging from lower elevation watersheds 
within Lookout Creek following the low to moderately severe 
2021 Holiday Farm Fire suggested changes in flow paths and 
baseflow, 2 years post fire in watersheds with relatively low stor-
age (Bush et al. 2024). The work here offers an unprecedented 
opportunity to understand how differences in storage play a role 
in mitigating the impacts of fire on water and nutrient cycling, 
as many of the catchments studied here were burned in late 2023 
following the conclusion of this study.

5   |   Conclusions

Our study illustrates how variability in storage across catch-
ments gives rise to heterogeneous streamflow generation mech-
anisms in small mountainous catchments and their importance 
for flow in a larger 5th-order stream. We found strong variability 
in hydrologic regimes (based on hydrometric records), variable 
spatial and seasonal dynamics of water stable isotopes that, com-
bined with precipitation information, highlight the importance 
of fall and winter storms to year-round streamflow and the strong 
control that earthflows and landslide deposits have on storage 
variability. Our analysis included 10 years of weekly precipitation 
and 1 year of weekly stream samples in 10 locations analysed for 
water isotope ratios. We showed wide variability in storage and 
water contributions from perennial tributaries to the main stem 
of Lookout Creek. In many cases, the relative water contributions 
from each tributary varied seasonally. This analysis highlights 
the overwhelming importance of some tributaries to the mainte-
nance of summer flows. Most notably, the contributions of Cold 
and Longer Creeks, which are < 4 km2, sustain up to 50% of the 
streamflow in the 64 km2 Lookout Creek catchment during the 
summer months. Streamflow in Cold and Longer Creeks varied 
very little as compared to other streams in which streamflow 
varied seasonally. The variation in headwater streams within the 
5th-order 64 km2 catchment illustrates how geomorphic com-
plexity can influence the distribution of streamflow and the sen-
sitivity of larger streams to dry and wet periods.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Monthly average precipita-
tion and streamflow at the meteorological station PRIMET and Lookout 
Creek at the USGS station (No. 14161500). The figure includes long-
term records and study period (May 2022–May 2023). The error bars 
are the monthly standard deviation. Figure S2: Overlapping samples 
(n = 164) collected in Corvallis and PRIMET between 2014 and 2023; 
(B) Dual isotope line for the overlapping isotope ratios in A; (C) rela-
tionship between precipitation amount and the ratio of isotope rations 
in Corvallis and isotope ratios in PRIMET. The dash line indicated a 
10 mm threshold over which we can build a robust relationship. Figure 
S3: Relationship between isotope ratios in Corvallis and isotope ratios 
in PRIMET. We included samples that correspond to > 10 mm of rain in 
Corvallis. These relationships were used to estimate isotope ratios in 
Corvallis when access to the H.J. Experimental Forest was not possible 
during the 2019–2020 fire season. Table S1: General hydrological infor-
mation of the gauged catchments of Cold, Longer, Mack, and Lookout 
Creeks. Table  S2: Daily streamflow characteristics by gauged catch-
ments derived from the flow duration curve analysis (FDC). Table S3: 
Volume weighted average and standard deviation (σ) of precipitation 
isotopic ratios (δ18O, δ2H, and d) at PRIMET. Table  S4: Volume-
weighted average and standard deviation (σ) in seasonal precipitation 
isotopic values (2015–2023) at PRIMET. Values with different letters are 
significantly different from each other (p < 0.05), ANOVA- Tukey test. 
Table S5: Summary of regression coefficients (a: slope and b: intercept 
and standard errors, σ) and R2 for seasonal and 2015–2023 volume-
weighted Local Meteoric Water lines (LMWL) at PRIMET. The number 
of samples (n) used in each LMWL is also indicated. Slopes or inter-
cepts with different letters are significantly different from each other 
(ANCOVA, p < 0.05). The * indicates significant differences with the 

GMWL slope of 8 or intercept of 10. Figure S4: Precipitation isotopic 
signature δ18O (A) and d-excess (B) throughout time (water years: 2015–
2023). Black line represents the volume weighted moving average with 
a window of 25 values. Seasons were defined as: spring (03/20–06/20), 
summer (06/21–09/22), fall (09/23–12/20), and winter (12/21–03/19). 
Table  S6: Summary of the isotope ratios (δ18O, δ2H) and deuterium 
excess (d-excess) from stream samples across seasons and stream classi-
fication. Table S7: χ2 and p values of the seasonal† differences (Kruskal-
Wallis test) in median and median standard deviations of δ18O and δ2H, 
and d-excess in stream samples (Table S6). Values are in bold if p < 0.05. 
Table S8: Seasonal† and study period isotopic lapse rates based on aver-
ages isotopic values (δ18O, δ2H, and d-excess) for stream samples. Lapse 
rates are described in terms of regression coefficients: slope (a) and in-
tercept (b), with associated standard deviations (�), coefficient of deter-
mination (R2) and corresponding p value of the relationship. Figure S5: 
Damping ratio relationship (δ18O vs. δ2H) by analysed catchment for the 
study period. Ratios were compared relative to the 1:1 line (dashed black 
diagonal line). A are values derived considering all samples and B are 
values derived, omitting one sample per site collected during the Nov 5, 
2022, storm event. Tributaries (triangles) are Cold (CC), Longer (LC), 
Mack (MC), Nostoc (NC), McRae (MR) Creeks. Mainstem location in 
Lookout Creek (circles) are LO1–LO5 are shown in Figure  1. Figure 
S6: Seasonal average d-excess across sampling sites during the study 
period. Shaded areas depict the seasonal volume-weighted average pre-
cipitation d-excess. Tributaries (triangles) are Cold (CC), Longer (LC), 
Mack (MC), Nostoc (NC), McRae (MR) Creeks. Mainstem location in 
Lookout Creek (circles) are LO1–LO5 (Figure 1). Table S9: Hydrograph 
separation in the event and pre-event water for a fall precipitation event 
between 01-Nov-2022-and 06-Nov-2022 at the 10 sampling sites. CC is 
Cold Creek, LC is Longer Creek, MC is Mack Creek, NC, Nostoc Creek, 
MR is McRae Creek and LO1–LO5 are sites in the main stem of Lookout 
Creek (Figure 1). Two pre-event estimates (Pre-event1 and Pre-sevnt2) 
were based on 2 different possible input concentrations (E1, E2)† the 
values in parenthesis are the standard deviation. The mean weighted 
(MeanPre-event) value between the two approximations was used in 
the analysis. Baseflow (Qbase) and Peakflow (Qpeak) are given where 
available. 
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