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ABSTRACT

Understanding how subsurface water storage—created and structured by the geology and geomorphology of the critical zone—
governs hydrologic connectivity between landscapes and streams is essential for explaining spatial and temporal variation in
stream water chemistry. Most headwater studies have focused on high-resolution stream water chemistry at the catchment outlet,
rarely examining the spatial variability among tributaries and the main channel, or how these patterns relate to the underlying
geology and geomorphology. Linking upstream spatial and temporal variability with chemical dynamics at the outlet over time is
even less common. We conducted weekly synoptic sampling along Lookout Creek, located within the HJ Andrews Experimental
Forest Long Term Ecological Research programme. Lookout Creek is in the volcanic terrain of the western Cascades, Oregon.
The catchment spans multiple geologic units (e.g., lava flows) and geomorphic features (e.g., earthflows). We measured stream
chemistry along the main stem and five tributaries to assess how varying degrees of hydrologic connectivity influence solute
concentrations and transport across this geologic and geomorphologic template. To identify the timing and magnitude of hydro-
logic connectivity between tributaries, the main stem, and the catchment outlet, we analysed spatiotemporal patterns in stream
chemistry using concentration-discharge relationships, principal component analysis, and a metric of subcatchment synchrony.
We found that in previously glaciated catchments with active earthflows, solute concentrations and base-cation-to-silica ratios
were higher, and more solutes had a chemostatic or mobilising behaviour, indicating high subsurface storage. This variability in
subsurface storage, and its influence on hydrologic connectivity, ultimately determined the degree of chemical synchrony with
the catchment outlet. Our findings suggest that, under future climate scenarios with shifts in precipitation phase and timing,
headwater systems with substantial subsurface storage are likely to be more chemically resilient.

1 | Introduction Zhang et al. 2018; Hrachowitz et al. 2016; Mote et al. 2018; Zhi
et al. 2020; Tkeda et al. 2021; Segura 2021; Han et al. 2024; Li
Warmer temperatures are causing reduced snow accumulation et al. 2024). These climate-induced changes affect seasonal

and earlier snowmelt across montane catchments in the west- variations in catchment moisture and alter hydrologic connec-
ern United States (U.S.), shifting the timing and magnitude tivity, the network of surface and subsurface flow paths link-
of streamflow generation, and altering stream water chemis- ing streams to water stores within a catchment (e.g., soil water,

try (Regonda et al. 2005; Knowles et al. 2006; Klos et al. 2014; deep groundwater) (Covino 2017; Xiao et al. 2019). These shifts
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in flow paths impact water residence time, the mixing of source
waters, and the degree of organo-mineral-water interactions that
dictate stream water composition (Uchida et al. 2005; Williams
et al. 2009; Robinson et al. 2009). For example, temporal vari-
ations in catchment hydrologic connectivity often manifest as
differences in stream water concentrations of biotic solutes (e.g.,
dissolved organic carbon) and geogenic solutes (e.g., magne-
sium) under varying streamflow conditions. These stream water
solute concentration-discharge relationships have been linked to
contributions of relatively shallow or deep subsurface flow paths
(Herndon et al. 2015; Xiao et al. 2019; Stewart et al. 2022). Thus,
it is critical to examine how subsruface flow paths vary with
hydrologic connectivity across montane catchments in order to
understand how changes in climate will influence stream water
chemistry.

Streamflow and stream chemistry are also linked to subsurface
storage, which is the amount of belowground water a catch-
ment can hold (Spence 2007; Kirchner 2009; Sayama et al. 2011;
Staudinger et al. 2017; Dwivedi et al. 2019). Catchments with
low storage may fill quickly with precipitation inputs, lead-
ing to faster streamflow responses compared to catchments
with high storage. Assuming a similar hydraulic conductivity,
catchments with larger storage volumes have longer subsur-
face residence times, enhanced mineral-water interactions, and
mineral dissolution, which in turn increases ion concentrations
in both groundwater and stream water (Sullivan et al. 2016).
Additionally, the vertical distribution of subsurface storage
governs the extent of weathering in each layer (e.g., soil, sapro-
lite, bedrock) because the proportion of unweathered minerals
generally decreases towards the surface (Brantley et al. 2017;
Covington et al. 2023). In montane systems, subsurface storage
can buffer streamflow declines driven by warming effects on
snowpack (e.g., Johnson et al. 2023); yet predicting where on the
landscape subsurface storage will most effectively offset climatic
impacts to streamflow, and understanding the resulting effects
on stream-water chemistry remain a significant challenge.

Catchment storage and the timing and magnitude of hydrologic
connectivity depend on the architecture of the critical zone,
which is shaped by the spatial variability in geology and geo-
morphology (Jencso et al. 2009, 2010; Jencso and McGlynn 2011;
Creed and Band 1998; Floriancic et al. 2018; Harvey and
Gooseff 2015; Zimmer et al. 2013; McGuire et al. 2014; Dupas
etal. 2019). Prior research has shown that topography (Anderson
and Burt 1978; Beven and Kirkby 1979; McGuire et al. 2005), soil
distribution (Buttle et al. 2004; Soulsby et al. 2004, 2006), sed-
imentary deposits (Giggy and Zimmer 2025; Lovill et al. 2018),
and lithology (Shaman et al. 2004; Uchida et al. 2005) are im-
portant controls on both hydrologic connectivity and subsurface
storage. Recent work has linked distinct spatial and temporal
patterns in stream water chemistry and elemental ratios asso-
ciated with specific geomorphic and geologic features (e.g., al-
luvial fans, bedrock fractures, and hillslope steepness; Gregory
et al. 2022; Bush et al. 2023, 2025; Warix et al. 2023; Johnson
et al. 2024, 2025). Building on a robust body of research doc-
umenting fine-scale spatial variability in stream chemistry,
particularly during low-flow periods (e.g., Zimmer et al. 2013;
Blumstock et al. 2015; Floriancic et al. 2019; Payn et al. 2012;
Ward et al. 2013; Zimmer and McGlynn 2018), headwater-scale
investigations emphasise that outlet-integrated measurements

often obscure critical localised heterogeneity driven by under-
lying geologic and geomorphic features. In addition, headwa-
ter streams which are closely linked to critical zone processes
(Gomi et al. 2002), and responsible for most nutrient fluxes from
small catchments (<50km?) (Skeffington et al. 2016; Helton
et al. 2018), display significant spatial and temporal variability
in their contributions to the main stem (Likens and Buso 2006;
Cowie et al. 2017; Bukoski et al. 2021). Despite these insights,
stream measurements are often limited to outlets, which inte-
grate diverse upstream heterogeneity in headwater systems.

Among headwater catchments, the mixing from tributaries
and the main channel can significantly influence downstream
geochemical signatures. These signals vary when tributar-
ies drain distinct lithologies/minerologies (Torres et al. 2015;
Godsey et al. 2009; Moon et al. 2014), have contrasting subsur-
face storage capacities (Bush et al. 2023; Johnson et al. 2023;
Warix et al. 2023), or are affected by anthropogenic disturbances
such as mining (Bukoski et al. 2021; Johnson et al. 2025). To
understand these dynamics, hydro-biogeochemical research
increasingly adopts the framework of ‘synchrony’, which de-
scribes the degree to which upstream processes influence solute
dynamics at catchment outlets (Abbott et al. 2018; Van Meter
et al. 2019; Seybold et al. 2022). Processes are considered ‘syn-
chronous’ when they exhibit high spatiotemporal coherence
or consistent lagged responses, and ‘asynchronous’ when such
coherence is weak, or timing is irregular (Seybold et al. 2022).
Within this framework, subcatchment solute synchrony quan-
tifies how similarly hydrologic inputs, transport pathways, and
biogeochemical transformations behave across the landscape.
Although headwater solute concentrations can be highly vari-
able in space and time, large-scale climatic drivers interacting
with local environmental conditions can generate synchro-
nous patterns in solute concentrations among subcatchments
(Seybold et al. 2022). For example, analysis of solute synchrony
across two river networks (58 sites) in France showed relatively
stable spatial patterns over time. However, synchrony among
subcatchments varied widely—a phenomenon attributed to dif-
ferences in subcatchment hydrology, solute sources, and the ex-
tent of in-stream processing (Abbott et al. 2018). Characterising
this spatiotemporal coherence among solutes is critical for de-
veloping monitoring strategies and water quality management.
A remaining challenge is determining how variable hydrologic
connectivity and subsurface storage shapes stream solute syn-
chrony, and thus overall water quality, particularly in the rain-
snow transition zone. Understanding these dynamics is crucial
for resource managers aiming to conserve and restore connec-
tivity between tributaries and main stem outlets under changing
climate conditions.

To address this knowledge gap, we focus our study on the HJ
Andrews Experimental Forest (HJA). HJA is underlain by
spatially variable volcanic deposits, shaped by glaciation at its
highest elevations, and reworked by local mass wasting events
such as debris flows and earthflows (Swanson and James 1975;
Swanson and Jones 2002; Swanson 2005, 2013, 2014; Goodman
et al. 2023). This setting offers an ideal environment to investi-
gate how, under similar climatic conditions, variations in geo-
morphology and geology shape subsurface flow paths and the
evolution of stream water chemistry from tributaries to the out-
let. We leverage long-term streamflow and water quality data
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Location of the HJ Andrews Experimental Forest in Oregon within the Pacific Northwest, United States (A), the underlying lithology

(GE009; Swanson 2005), percent of catchment area with earthflow susceptibility from upstream (right) to downstream (left), (GE010; Swanson 2013),
and landslide deposits (GE012, Swanson 2014) in the Lookout Creek catchment (B), the sampling sites within the Lookout Creek catchment (C).
Tributaries include Cold (CC), Longer (LC), Mack (MC), Nostoc (NC), and McRae (MR) Creeks, while sites along Lookout Creek (LO) range from
upstream (1) to downstream (5). Spatial distribution of the underlying geology and geomorphology (D). Lava-1: Pliocascades Volcanics formation-

Pliocene, Lava-2 and Ash-flow: Sardine formation-middle and lower Miocene, and Pyroclastic: Little Butte Formation-upper Oligocene to lower

Miocene (Swanson and James 1975).

from the outlet of Lookout Creek, along with 13 months of high-
resolution, high-frequency sampling along its main stem and
tributaries to address three key questions: (1) How does stream
water chemistry vary spatiotemporally across tributaries in vol-
canic terrain? (2) To what extent do seasonal changes in hydro-
logic connectivity among adjacent tributaries yield synchronous
stream water chemical responses? and (3) How do spatiotempo-
ral differences in stream water chemistry along the stream pro-
file influence downstream chemical dynamics along the main
stem and at the catchment outlet?

2 | Methods
2.1 | Study Area

Our study took place in Lookout Creek, a fifth-order, 64 km? for-
ested catchment in the HJ Andrews (HJA) Experimental Forest,
part of the National Science Foundation's Long-Term Ecological
Research (LTER) network in Oregon's Western Cascades

(Figure 1A). The catchment includes three subcatchments:
McRae, Upper Lookout, and Lower Lookout. Upper Lookout has
four main north-to-south tributaries: Cold (CC), Longer (LC),
Mack (MC), and Nostoc (NC) Creeks (Figure 1). Vegetation is
75% native forest [i.e., mature and old-growth conifer forest dom-
inated by Douglas-fir (Pseudotsuga mengziesii), western hemlock
(Tsuga heterophylla), and western redcedar (Thuja plicata)], and
25% Douglas-fir plantations (30-62years old).

Lookout Creek has a Mediterranean climate with wet winters
and dry summers. Precipitation and snowfall increase with el-
evation (McKee and Bierlmaier 1987). Meteorological data is
sourced from two locations: PRIMET at 430m and UPLMET
at 1295m (Figure 1B). Mean annual air temperature is 9.2°C
at PRIMET (2001-2021) and 7.1°C at UPLMET (2002-2021).
Median daily snow water equivalent (SWE) ranges from less
than 10mm at PRIMET (2003-2020) to over 1500mm at
UPLMET (2002-2021). Snowpack lasts 1-2weeks at 400-800 m
and up to 6 months above 800m (Bierlmaier and McKee 1989;
Jones and Perkins 2010).
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TABLE1 | LiDAR derived topographic characteristics (drainage area, max/min elevation, catchment mean elevation, mean slope), and sampling
information for each study catchment. LiDAR data were obtained from the HJA long-term database (GI010; Spies 2016).

Tributaries Main stem
Variable CcC LC MC NC MR LO1 LO2 LO3 LO4 LO5
Geomorphology? Glac Glac, EarF Glac EarF EarF Glac Glac EarF EaF Glac, EarF
DebF
Drainage area (km?) 0.69 2.74 5.75 1.96 15.58 5.53 6.32 15.63 30.67 62.42
Max elevation (m) 1570 1601 1619 1153 1632 1620 1620 1620 1620 1632
Min elevation (m) 977 797 757 672 554 927 918 723 614 422
Mean elevation (m) 1297 1178 1197 913 984 1257 1258 1170 1106 979
Mean slope (°) 27 23 28 19 22 24 25 24 25 25
Sampling period® i ii iii ii i iii iii iv iv i
Sample size (n) 34 29 27 28 34 31 31 14 15 34

Abbreviations: DebF, debris flows; EarF, earthflow; Glac, glaciate.
3(Goodman et al. 2023).

bSampling periods: (i) May 2022-May 2023, (ii) June 2022-May 2023, (iii) May 2022-February 2023, (iv) October 2022-May 2023.

2.2 | Study Design

To examine spatiotemporal patterns in stream chemistry,
we sampled 10 sites across the Lookout Creek catchment
(Figure 1C, Table 1). Four tributary sites were selected in
the Upper Lookout: Cold (CC), Longer (LC), Mack (MC),
Nostoc (NC) Creeks, and one site was selected in McRae (MR)
Creek. Drainage areas of these subcatchments range from
0.69km? (CC) to 15.6km? (MR) with mean elevations from
913 to 1297 m (Table 1). Five additional sites were established
roughly below the confluence of each tributary along the main
stem of Lookout Creek (LO1-LOS5) with drainage areas and
mean elevation ranging from 5.5km? and 979m, near the
headwaters (LO1) to 62.42km? and 1257 m at the outlet (LO5)
(Figure 1, Table 1). We also used long-term data including pre-
cipitation chemistry (CP002; Johnson and Fredriksen 2019)
from PRIMET (1978-2021) and stream discharge records from
Mack and Lookout Creeks (HF004; Johnson et al. 2021). Cold
and Longer Creeks were instrumented to measure 15-min dis-
charge (Ortega et al. 2025).

Lithology and geomorphology in the Lookout Creek catchment
vary significantly with elevation (Figure 1B,D). This land-
scape originated from volcanic activity in the late Oligocene
to early Miocene periods. High elevations in Lookout Creek
(>900m) are dominated by andesitic-basaltic lava flows
(Lava-1 and Lava-2, Figure 1B,D), rich in silicon (Si**), iron
(Fe?*), magnesium (Mg?*), and calcium (Ca?*), but are low in
potassium (K*) and sodium (Na*) content (Miller 1994). Mid-
elevations (600-900m) feature ash-flow tuff, while lower el-
evations (<600 m) consist mainly of hydrothermally altered
pyroclastic flows (Figure 1B,D). Geomorphologically glaci-
ated terrain, which developed in hard lava flow and ash-flow
bedrock at high elevation, is relatively stable and characterised
by U-shaped valleys, smooth terrain, cirques, and truncated
spur ridges (Goodman et al. 2023). The contributing areas to
LO1, LO2, Cold, Mack, and part of Longer Creeks are within
this glaciated area. Earthflow terrain developed on rocks with

substantial shrink-swell clays capped by hard rocks (Swanson
and James 1975) dominates about half of the Lookout catch-
ment, including large active earthflows that extend >1km?.
These discrete landforms have relatively gentle slopes and are
bound by headscarps, lateral scarps, and bulbous toes onto
near-horizontal landforms (Goodman et al. 2023). Longer and
parts of Nostoc Creeks drain this terrain (Table 1). Elsewhere
within the earthflow terrain, the drainage network appears to
be the product of older land movements with moderate steep-
ness and incised channels. Large portions of the drainages
of Nostoc Creek, LO3, LO4, and McRae Creek drain some of
this area (Table 1). Debris flows have been restricted to low
elevation sections of Lookout Creek in weak volcaniclas-
tic rocks (Figure 1D; Swanson and Jones 2002). This area is
characterised by V-shaped valleys and steep narrow streams
(Dyrness 1967). Soils throughout the study area are loamy,
have high conductivity, and are well-drained (Dyrness 1969;
Rothacher 1970; Dyrness and Hawk 1972).

2.3 | Field Sample Collection and Laboratory
Analyses

To capture seasonal streamflow and precipitation signals in
a Mediterranean wet forest, weekly stream and precipitation
samples were collected from May 2022 to May 2023 (Ortega
et al. 2025). Stream samples were collected in the middle of
the stream during low flow conditions and within a wading
distance from banks during high flow conditions. Two sam-
ples were collected from each site, filtered (0.45 um), and split:
one acidified for cations, the other un-acidified for anions.
Composite precipitation samples were collected from a Stratus
Precision Rain gauge (Stratus, US) at PRIMET. In total, 277
stream and 21 precipitation samples were analysed for cat-
ions (Si**, Ca?*, Mg?*, K*, and Na*) using a Spectro ARCOS
MultiView (AMETEK, Czech Republic) equipped with an
optical emission spectrometer with true radial or axial obser-
vation of inductively coupled plasma (ICP-OES), and anions
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(CI~ and SO,*") using a Dionex Aquion Ion Chromatography
(IC) System (ThermoFisher Scientific, US). All solutes are re-
ported in mg/l (ppm) with an analytical uncertainty of +5%
(Segura et al. 2024).

2.4 | Data Analysis
2.4.1 | Spatiotemporal Comparisons

The wet winters and dry summers, typical of Pacific Northwest
catchments like Lookout Creek, result in distinct seasonal
streamflow patterns: low flow in summer, wet-up in fall due
to increased rainfall, peak floods from heavy winter rain, and
high flows from spring snowmelt (Bush et al. 2024; Johnson
et al. 2023). To capture this, we averaged weekly stream chemis-
try measurements into four seasons: summer (July-September;
n=388), fall (October-December; n=73), winter (January-
March; n=55), and spring (April-June; n==61).

2.4.2 | Evaluation of Hydrologic Connectivity and Its
Influence on Stream Water Chemistry

We assessed spatiotemporal shifts in hydrologic connectivity in
the Lookout Creek catchment using three methods to understand
how geomorphic features, storage, and precipitation impact
stream chemistry. We quantified synchrony between tributaries
and the outlet, analysed concentration-discharge (C-Q) rela-
tionships within and between tributaries, and used end-member
mixing analysis (EMMA) with principal component analysis
(PCA) to evaluate connectivity along the main stem. These meth-
ods together provided insights into connectivity within, between,
and across subcatchments and the Lookout Creek outlet.

Analysing C-Q relationships quantifies the sensitivity of solute
concentrations to changes in discharge (Godsey et al. 2009),
which is often indicative of contributing flow paths (Sullivan,
Goddéris, et al. 2019; Sullivan, Stops, et al. 2019; Li et al. 2021,
2024; Stewart et al. 2022), reactions along these flow paths (e.g.,
mineral dissolution, adsorption/desorption, and ion exchange)
(Anderson et al. 1997; Kirchner 2003; Godsey et al. 2009), and
solute sources within a catchment (e.g., shallow versus deep)
(Uchida et al. 2005; Williams et al. 2006; Robinson et al. 2009).
We analysed C-Q behaviour of each solute at each gauged sam-
pling site using the slope of the power-law relationship between
the solute concentration (C) and discharge (Q):

C=aQb €))

where a and b are constants (Godsey et al. 2009). A slope ap-
proaching zero (b=~0) is considered to have chemostatic C-Q
behaviour, implying little solute concentration variability with
streamflow (high and low flows). When a slope is not equal to
zero, C-Q behaviour is defined as either mobilising (b>0.1) or
diluting (b<—0.1) if the p value <0.10, suggesting that solute
concentration is sensitive to changes in discharge.

To evaluate tributary influence on stream chemistry variability
along Lookout Creek, we quantified subcatchment synchrony
following Abbott et al. (2018):

n _

2o (xi _)_C) (yi _y) @)

Subcatchment synchrony = =]

where X, is the solute concentration (Si**, Ca?*, Na*, K*, CI) at
a tributary (e.g., CC, LC, MC, NC, MR) at time i, y, is the solute
concentration at the catchment outlet (LO5) at the same time,
—Xx and -y are the mean concentrations across all samples for
tributaries and the outlet, respectively, and n is the number of
concurrent sampling events collected between May 2022 and
May 2023. To determine how hydrologic conditions (e.g., spring
snow melt, dry summers, fall wet-up, and wet winters) attenu-
ated or preserved chemical patterns downstream, we quantified
subcatchment synchrony for each tributary site, each solute,
and each season. Higher absolute synchrony values can be in-
terpreted as a stronger connectivity between tributaries and the
outlet, with negative values indicating an inverse relationship,
and positive values indicating a direct relationship. To quantify
overall synchrony regardless of direction, we summed the ab-
solute values of each calculation. To compare synchrony across
solutes and sites, we standardised the data by subtracting the
mean and dividing by the standard deviation for each solute and
time step (Abbott et al. 2018).

To quantify contributions from each tributary to variability
in downstream water chemistry along Lookout Creek, we
applied EMMA and PCA (Christophersen and Hooper 1992).
This approach identifies water sources contributing to
streamflow by quantifying end-members within a catchment
(Christophersen and Hooper 1992; Uhlenbrook et al. 2004;
Tetzlaff et al. 2015; Birch, Stallard, Bush, and Barnard 2021;
Birch, Stallard, and Barnard 2021; Bush et al. 2023, 2024). We
removed outliers (+2.0 standard deviations, Bush et al. 2023,
2025) from solute concentrations, and identified potential
end-members for each site, including the nearest upstream
tributary (CC, LC, NC, MR) or main stem (LO1-LO4) site,
precipitation (PRIMET), and pre-existing soil water chemis-
try (HF024, through soil; McGuire 2020). McGuire (2020) col-
lected soil-water samples between September and November
2002 at a hillslope throughflow weir in adjacent Watershed 10.
These throughflow samples capture soil water actively mov-
ing along hillslope flow paths and thus provide a chemical
signal of the hillslope subsurface. To generate a single tracer
signature, we averaged the solute concentrations across all
samples and used those mean values in our PCA. Although
these measurements originate from WS10 rather than our
focal sites, they serve as a representative proxy for hillslope
throughflow chemistry at HJA (Bush et al. 2024). Mixing sce-
narios were projected into principal component (PC) space to
interpret spatiotemporal shifts in streamflow contributions
along Lookout Creek (LO2-LO5). PCA was performed using
the R package PCAtools (Blighe and Lun 2022).

3 | Results
3.1 | Hydrologic Context
Between May 2022 and 2023, the total annual precipitation

at PRIMET was 21% below the long-term (2001-2021) aver-
age: 1785mm, compared to the average 2126 mm. Similarly,
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precipitation at the higher elevation UPLMET station was
below the long-term (2002-2021) average, receiving 2619 mm,
compared to 2682mm. This water deficit was mainly observed
between December 2022 and May 2023, particularly at lower
elevation (Figure S1). Median peak SWE during the 2023
water year was 1570mm at the UPLMET station, the highest
since 2001.

At the gauged sites (CC, LC, MC, and LO5), streamflow ranged

from 0.43 mm/day (MC) to 8.92mm/day (LO5), with the high-
est values in May and the lowest in September (Figure S2;

Acc

Ortega et al. 2025). Low flows (<1 mm/day) occurred in the
summer to mid-fall, and high flows (>40mm/day) were re-
corded in the spring and winter seasons (Figure 2). Monthly av-
erage streamflow exceeded the long-term average in May 2022
(11.34 vs. 4.47mm/day, +154%), June 2022 (6.04 vs. 2.47 mm/
day, +148%), and April 2023 (10.32 vs. 6.95mm/day, +48%)
(Figure S1). Average streamflow at LO5 was 4.30+5.02mm/
day, slightly below the long-term mean of 4.37+6.37mm/
day, with streamflow in both spring and summer exceeding
the long-term average (+67% in spring and +13% in summer),
while winter streamflow was lower than average (—57%). Rain
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FIGURE 2 | Time-series of precipitation (mm/day), streamflow (i.e., specific discharge, mm/day), and stream solute concentrations for silicon

(Si**), calcium (Ca?*), sodium (Nat), potassium (K*), and chloride (CI7) (mg/1) for tributary catchments (CC, Cold; LC, Longer; MC, Mack; NC,

Nostoc; MR, McRae Creeks) during the study period (May 2022—May 2023). Time-series for the main stem sites are provided in the (Figure S3). Data

for additional solute concentrations for tributary sites and main stem sites are provided in the (Table S1).
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FIGURE 3 | Average stream solute concentrations along the stream profile (LO1-LO5) and tributaries (CC, LC, MC, NC, and MR) during the
study period (May 2022-May 2023). Lower bars represent cation concentrations (Si**, Ca?*, Na*, Mg?*, K*) and upper bars indicate anion concentra-

tions (C1-, SO,*") reported in mg/1.

events in spring (> 50 mm/day) and fall (>100mm/day) pro-
duced peak streamflow measurements with a specific dis-
charge over 30 and 20 mm/day, respectively (Figure 2).

3.2 | Spatiotemporal Trends in Stream Chemistry
3.2.1 | Spatial Analysis of Stream Water Chemistry

Cation concentrations generally declined from upstream Cold
Creek (CC, 977m) to downstream McRae Creek (MR, 554m),
while anion levels remained relatively uniform across tribu-
taries (Figure 3, Table S1). Notable exceptions to this pattern
included Mack Creek (MC, 757m) and other lower-elevation
catchments (NC and MR), with lower cation concentrations.
Given alkalinity was not measured in the samples, this may
acconut for a slight anion imbalance observed at sites with el-
evated cation concentrations. To characterise these spatial pat-
terns along Lookout Creek (LO1-LO5), we analysed tributary
chemistry for Si**, Ca?*, Na*, K*, and Cl- (additional solutes in
Table S1). Notably, K* concentrations in Cold and Longer Creeks
were double that of the other tributaries, while Mack Creek had
low Ca?* and Mg?* concentrations, and Nostoc (NC, 672m) had
the highest average Nat concentration (Table S1, Figures 2-4).
These data are indicative of potential differences in the under-
lying bedrock of each tributary catchment. These sites also ex-
hibited greater variability in elemental stoichiometry compared
to the main stem sites (Table 2). We found Ca:Si ratios to be rel-
atively consistent across both tributary and main stem sites but
were more variable within the tributary sites. Ratios of Na:Si ex-
hibited the highest variability, with particularly elevated values
at the Nostoc tributary site. There was less variability in K:Si
ratios, but they were notably higher in the main stem sites com-
pared to most tributaries. Among the tributary sites alone, Cold,
Longer, and Nostoc Creeks had the highest Ca:Si, Na:Si, and
K:Si ratios (Table 2).

Stream chemistry along Lookout Creek reflected upstream trib-
utary inputs (Figure 4). For example, solute concentrations in-
creased from LO1 to LO2, driven largely by Cold Creek, which
had some of the highest solute concentrations recorded in the
entire study (Figure 4). Cation concentrations for Ca?*, Na¥,
and Si*t tended to decline downstream (LO3-LO4) but in-
creased again at LOS5, likely reflecting inputs from McRae Creek
(Figures 3 and 4). Despite similar chemistry to Cold Creek,

Longer Creek had a lower impact on the stream solute concentra-
tions of LO3, likely due to the lower specific discharge at Longer
Creek compared to Cold Creek (Figure 2). At LO4, inputs from
Mack and Nostoc Creeks, which both generally have higher sol-
ute concentrations than the main stem (LO3), resulted in only
a slight increase in solute concentrations, specifically Si**, Na*,
Cl~,and SO >~ (Figures 3 and 4, Table S1). The observed increase
in solute concentrations at the outlet (LO5) likely arose from a
substantial input from McRae Creek (MR) given the similarity
in their stream chemical compositions (Figure 3) and possibly
reflects contributions from other tributaries within the Lookout
Creek catchment that were not monitored in this study.

3.2.2 | Temporal Analysis of Stream Water Chemistry

We observed no consistent seasonal changes in solute concen-
trations within individual sampling sites (Figures 5 and S4,
Table S2 for main stem sites). Additionally, seasonal sampling
along Lookout Creek was biased towards fall and winter months
atLO3 and LO4 due to alack of sampling during the summer and
limited sampling in the spring (Figure S4, Table S2). However,
some general trends emerged: Si** concentrations were lowest
in the fall across most sites, except for Mack Creek (MC) and
LO2. Ca?* and Na* concentrations peaked in summer, while
K* concentrations were highest during the summer and fall at
the upstream sites (CC, LC, LO1-2). Upstream tributaries (CC,
LC) had higher mean concentrations of Ca®*, Na*, and K*, while
they were the lowest for LO1. CI~ concentrations were elevated
in the fall at LO1, McRae, and LO5 (Figures 5 and S4).

3.2.3 | Evaluation of Hydrologic Connectivity in Stream
Water Chemistry

Analysis of C-Q relationships revealed that, although all sites
exhibit similar overall trends, they form distinct clusters on a
month-to-month basis (Figure 6, Table S4). The power-law
slope (b) of each C-Q relationship differed among solutes and
across sites (CC, LC, MC, LO5). Significant (p <0.1) C-Q slopes
ranged from strong diluting behaviour (b <—0.1) at Cold Creek
(K*, R?=0.57) to weak mobilising (b>0.1) at Longer Creek (Si**,
R?=0.11), though many solute-site combinations showed che-
mostatic behaviour (-0.1 <b<0.1) (Figure 6, Table S4). Strong
dilution for Mg?*, Na*, and K* was observed at Cold and Mack
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FIGURE4 | Spatial distribution of the average stream water solute concentrations of silicon (A), sodium (B), calcium (C), potassium (D), and chlo-
ride (E). Filled circles indicate concentrations of each solute at the sample site along Lookout Creek (LO1-LO5) and filled catchment areas indicate
concentrations of each solute draining each tributary catchment.
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TABLE 2 | Milliequivalent mean ratios of Ca:Si, Na:Si, and K:Si for
each tributary (CC, LC, MC, NC, MR) site (A) and main stem (LO1-
LOS5) site (B).

Site Ca:Si Na:Si K:Si

A. Tributaries

Cold (CC) 0.31 0.70 0.41
Longer (LC) 0.31 0.66 0.28
Mack (MC) 0.13 0.39 0.09
Nostoc (NC) 0.34 1.09 0.25
McRae (MR) 0.15 0.51 0.08

B. Main stem

LO1 0.17 0.36 0.07
LO2 0.17 0.40 0.19
LO3 0.25 0.72 0.25
LO4 0.19 0.62 0.17
LO5 0.16 0.51 0.11

Creeks, and for Mg?* at LO5. Though not always significant,
Cl~ and SO,>~ exhibited chemostatic behaviour across all sites
(Table S4). Additionally, Si** varied between mobilising be-
haviour at Cold Creek (p>0.1) and Longer Creek (p<0.1) to
diluting at Mack Creek (p<0.1), and chemostatic behaviour at
the catchment outlet LO5 (p>0.1). However, insignificant and/
or weak relationships collected across all samples indicate that
there are seasonal controls on stream chemistry that cannot be
captured by C-Q analysis alone.

From May 2022 to May 2023, annual subcatchment synchrony
between each tributary and the catchment outlet (LO5) showed
greater variability for Si** and Ca?* than for Mg?*, Na*, and
K*. Synchrony was higher for Si**, Ca?*, and Na*, and lower
for Mg?* and K*. Synchrony for Si** was notably high between
Longer, Cold, and Nostoc Creeks and LOS5. The overall average
subcatchment synchrony across all solutes ranked as follows:
CC>NC>LC>MR>MC (0.52, 0.42, 0.37, 0.32, and 0.31, re-
spectively) (Figure 7). Seasonal subcatchment synchrony varied
by site and solute. Generally, Si** had the highest synchrony
across all sites in the summer, while Ca?* peaked in spring. Both
Si** and Ca?* showed strong seasonal variability in synchrony
values (Figure 7). Overall, synchrony was highest in summer
and fall when streamflow was low. Low streamflow in fall was
due to delayed fall precipitation in 2022 (Section 3.1).

At every site along Lookout Creek, mixing-space dimension-
ality was overwhelmingly two-dimensional: PC1 and PC2 to-
gether explained 96%-99% of variance in each mixing scenario
(Figure 8). We based these mixing spaces on five conservative
tracers: Ca?*, Mg?*, Na*, K*, and SO,*". Soil water chemistry
(McGuire 2020) and precipitation chemistry (PRIMET) were
highly distinguishable when projected into PC space (Figure 8).
We also found that stream samples from Cold Creek constrained
each mixing scenario beyond that of LO2 for which Cold Creek
is the upstream tributary site. Cold Creek also had the highest
concentrations of geogenically derived solutes, especially during

groundwater-dominated summer flows (Figure 8A,D). Based
on this and previous work that found that Cold Creek sustains
streamflow along Lookout through summer months (Segura
et al. 2019; Ortega et al. 2025), we consider stream water at Cold
Creek to be a proxy for groundwater, and include it within the
mixing scenarios for LO3, LO4, and LOS5.

Within each mixing scenario, variance in stream chemistry
across PC1 represents a range in contributions from precipita-
tion/groundwater versus soil end-members, while PC2 represents
variability in precipitation versus groundwater (Figure 8). Stream
chemistry was more variable along PC1 at the upper sites (LO2,
LO3) compared to the lower sites (LO4, LO5). Tributary and up-
stream contributions were more distinct in the upper catchment
(e.g., Cold Creek for LO2; Longer Creek for LO3), but became less
distinct downstream towards LO4 and LOS5.

PCA revealed clear spatiotemporal trends in stream chemistry
between LO2 and LO5 (Figure 8). At LO2, summer samples clus-
tered near the Cold Creek groundwater end-member, reflecting
strong groundwater influence, while winter samples shifted to-
wards the precipitation end-member (Figure 8A). Their overlap
with LO1 in winter and spring implies longitudinal connectivity
during snowmelt (Figure 8A). Mid-catchment sites LO3 and LO4,
although only sampled in fall and winter, likewise exhibited en-
hanced mixing of main stem and tributary signatures in those
seasons (Figure 8B,C). At the outlet (LO5), summer chemistry
was dominated by groundwater inputs, spring samples mirrored
upstream main stem water, and winter compositions aligned
with tributary signatures (Figure 8D). The contrast between
tributary and main-stem end-members was strongest at LO2
and LO3 and gradually weakened downstream at LO4 and LO5.
Overall, all sites showed peak longitudinal connectivity during
the winter months.

4 | Discussion

Effective prediction of headwater stream responses to climate
change, like shifts from snow-to-rain dominated regimes, de-
pends on understanding the interplay between subsurface stor-
age and hydrologic connectivity (Tague and Grant 2009; Mayer
and Naman 2011; Safeeq et al. 2013; Johnson et al. 2023). Yet,
spatial and temporal stream chemistry patterns are rarely
linked to behaviour at the outlet, despite such synchrony being
a signal of catchment resilience to climate change (Abbott
et al. 2018). Here, we collected 13 months of stream chemistry
data along Lookout Creek and five tributaries draining sub-
catchments with varying geology and geomorphology: high-
elevation lava flows and glacial deposits in Cold and Longer
Creeks, and variable earthflow activity in Longer, Nostoc, and
McRae Creeks (Figure 1B,D, Table 1). We used stream chem-
istry and our analysis of C-Q relationships to infer differences
in subsurface storage and flow paths, quantified subcatchment
synchrony to evaluate tributary impacts on outlet chemistry,
and applied EMMA and PCA to map tributary-main stem mix-
ing (see Table S6 for summary). This integrated framework
demonstrates how stream chemistry can diagnose spatial vari-
ability in subsurface storage, assess resilience to disturbances
(e.g., fire and drought), and guide targeted resource allocation
and forest management.
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FIGURE 5 | Box plots of the stream water concentrations by tributary (CC, Cold; LC, Longer; MC, Mack; NC, Nostoc; and MR, McRae Creeks)
for the study period. Grey dashed lines represent the arithmetic mean for all catchments. Each scatter point represents a stream solute concentration
corresponding to each season. Significant outliers in individual solutes at each site (~3-6 per site-solute combination removed), defined as £2 stan-
dard deviation thresholds, were omitted to prevent any distortion or reduction in the size of each box plot. Each box plot represents the 25th (Q,), 50th
(median, line in the middle), 75th percentile (Q,), and whiskers extend from the Q, and Qj to the largest and smallest observation values which are
not outliers. Box plots for main stem sites are provided in the (Figure S4).

4.1 | Distinct Tributary Chemical Signatures these paths in route to the stream (Seibert et al. 2009; Stewart
Reflect Geomorphic and Geologic Controls on et al. 2022). Differences in underlying lithology and geomor-
Subsurface Storage and Flow Paths phology along these pathways drive distinct mineral-water

interactions that alter elemental ratios and overall water
Stream water chemistry is governed by flow paths and composition (Clow and Sueker 2000; Pett-Ridge et al. 2009;
mineral-organic interactions that the water encounters along ~ Hynek et al. 2022). In contrast, groundwater moving through
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FIGURE 6 | Concentration-discharge (C-Q) relationship of Si**, Ca?*, Na*, K*, and Cl-, (mg/1) at Cold (CC), Longer (LC), Mack Creeks (MC),
and Lookout Creek USGS station (LO5). Power law relationships are indicated with a black solid line. C-Q relationships for remaining solutes are

provided in the (Table S3).

similar lithology and geomorphic features can yield identical
elemental ratios, but differing absolute solute concentrations
depending on residence time (Busenberg and Plummer 1992,
2000). Among the sampled tributaries at HJA, cation concen-
trations were generally within the same order of magnitude
(Figure 3). However, concentrations were notably higher
in Cold and Longer Creeks compared to Mack, Nostoc, and
McRae Creeks (Figures 4 and 5), suggesting stream water in
these catchments is likely comprised of groundwater with
longer flow paths. Hydrometric and isotopic analyses con-
ducted concurrently within these subcatchments revealed
distinct hydrologic behaviours across sites: Cold and Longer
Creeks had gentler flow duration curves, also indicating that
groundwater accounted for most of the summer flow at LO5
(Ortega et al. 2025). Collectively, these data indicate Cold and
Longer Creeks have greater subsurface storage than the other
sites, though the critical zone architecture that creates stor-
age may differ between them. While both subcatchments lie
on glaciated terrain and are underlain by the same lava units,
the proportion of the watershed that drains earthflows dif-
fers: Longer Creek has the highest proportion of active earth-
flows of any site, whereas Cold Creek has none (Figure 1B,D).
Active earthflows in Longer Creek imply the presence of a
thicker, high-storage subsurface zone, potentially composed
of fresher mineral surfaces generated by the mechanical
churning and crushing of material (like mountain belts with
active landslide activity; Emberson et al. 2016). Consequently,
these earthflows may sustain year-round contributions of

well-mixed groundwater with elevated solute concentrations
relative to other tributaries. In Cold Creek, the discharge vol-
ume exceeds what can be explained by meteoric water alone
(Segura et al. 2019), indicating that groundwater may origi-
nate from longer, deeper flow paths from high elevation, po-
tentially involving interbasin flow from nearby catchments.
Hence, while Cold Creek exhibits high subsurface storage,
that storage may exist outside of the subcatchment. These
deeper sources would explain the elevated solute concentra-
tions observed in Cold Creek.

Differences in the elemental ratios among the tributary catch-
ments (Table 2) suggest variations in mineralogy and/or con-
tributions from shallow soil water. Moving downstream, the
surface dominance of Lava-1 declines as the presence of ash-
flow tuff rocks increases, which corresponds to higher ratios
of Ca:Si, Na:Si, and K:Si at Cold, Longer, and Nostoc Creeks
(Figures 4 and 5). These elevated ratios suggest greater over-
all storage at these sites. The emergence of Nostoc Creek as a
higher storage catchment using this metric is supported by the
low isotopic damping ratios that also indicated greater sub-
surface storage (Ortega et al. 2025). Similar to Longer Creek,
the presence of active earthflows in Nostoc may also support
a greater subsurface storage capacity. This may not have been
evident from the absolute solute concentration comparisons
above due to an increase in the ash-flow cover or reduc-
tion in glaciated area in Nostoc relative to Cold and Longer
(Figure 1B,D). The distinct Na:Si and K:Si ratios among the
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averaged for all solutes scaled across the study period (May 2022-May 2023). The error bars in the average panel are the standard errors.

high-storage catchments further suggest slight mineralogi-
cal differences that likely reflect an increase in the ash-flow
bedrock and a decrease in the presence of Lava-2 downstream
from Cold Creek towards Nostoc Creek. These characteristics
align with prior findings at HJA, which highlight the impact
of landscape and subsurface structure on groundwater stor-
age (Crampe et al. 2021), residence times (McGuire et al. 2005;
Segura 2021), and, consequently, stream water chemistry
(Gooseff et al. 2003; Tague and Grant 2004; Tague et al. 2008;
Tague et al. 2013).

Our EMMA results (Figure 8) suggest that catchment subsurface
storage strongly influences downstream geochemical patterns
observed along Lookout Creek. Specifically, tributary-main

stem mixing patterns exhibit reduced variability in downstream
chemistry, reflecting contributions from tributaries with high
storage in the upper catchments, compared to low storage in
the lower catchments. Additionally, the increased downstream
influence of soil water likely reflects inputs from intermittent
tributaries that become hydrologically active during fall and
winter rainfall. This downstream shift towards increased soil
water influence reflects variations in subsurface flow path dy-
namics, with deeper groundwater sources predominating in the
upper reaches and shallower soil water contributions becom-
ing more prominent at lower elevation. For example, Frisbee
et al. (2011) showed that deep groundwater travelling through
fractured bedrock and regional aquifers in the southern Rocky
Mountains strongly influenced downstream chemistry during
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resenting fall and winter months. Upstream sites (black circles) correspond to the nearest upstream main stem site, and tributaries (open triangles)

correspond to the nearest upstream tributary (or tributaries in the case of LO4) for each main stem site. Chemistry data for each end-member are

provided in Table S5.

low-flow conditions. Similarly, Rademacher et al. (2005) found
that in California’s Sierra Nevada, groundwater sourced from
deep bedrock fractures dominated streamflow during dry sea-
sons, resulting in distinct geochemical signatures downstream.

Our findings are also consistent with observations from other
studies in Mediterranean climates (Tague et al. 2008; Johnson
et al. 2023; Bush et al. 2024), which highlight the seasonal tran-
sition from groundwater-dominated flow during the dry summer
periods (Figure 8) to precipitation-dominated flow during wet
winters. Ortega et al. (2025) similarly demonstrated that Cold and
Longer Creeks sustained streamflow along Lookout Creek even
during dry summer and early fall periods, while precipitation
eventssignificantly contributed to streamflow in the fall and winter
months. The increased similarity in water chemistry between up-
stream main stem and tributary sites during spring and winter wet
periods suggests enhanced longitudinal connectivity during peri-
ods of high catchment moisture, consistent with the expectation of
peak hydrologic connectivity during the wettest periods of the year
(D'Odorico and Rigon 2003; Covino 2017; Bush et al. 2023, 2025).
Our results highlight a common pattern wherein catchments with
substantial subsurface storage, fed by deep groundwater sources,
play a pivotal role in maintaining downstream geochemical stabil-
ity during low-flow conditions.

4.2 | Concentration-Discharge Relationships
Reveal That the Expression of Hydrologic
Connectivity Differs With Subsurface Storage

Variations in mineral composition and flow paths across sub-
catchments complicate the identification of precise drivers for
stream water concentration-discharge (C-Q) behaviour, result-
ing in inherent complexity and non-uniqueness. However, C-Q
analysis provides a robust framework for unravelling specific
biogeochemical interactions and assessing variations in hy-
drologic connectivity (Godsey et al. 2009; Chorover et al. 2017;
Sullivan, Goddéris, et al. 2019; Sullivan, Stops, et al. 2019;
Bukoski et al. 2021; Bush et al. 2024). Our results reveal vari-
able solute behaviour across sites, highlighting spatiotemporal
differences in the timing and magnitude of hydrologic con-
nectivity. The C-Q relationships in Mack Creek had the most
consistent dilution behaviour across solutes, likely due to its
lower subsurface storage as indicated by solute concentrations
(Figure 2), solute ratios (Table 2), and high isotopic damping
ratio (Ortega et al. 2025). In contrast, C-Q relationships in Cold
and Longer Creeks displayed more chemostatic and mobilising
behaviours, indicating a dominance of stable groundwater in-
puts and greater subsurface storage. Dilution behaviour may
be expected in environments with low subsurface storage, as
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precipitation is translated quickly from the catchment to the
stream (Soulsby et al. 2006; Godsey et al. 2009; Ward et al. 2013).
In contrast, chemostatic behaviour often arises when there is
either an abundant solute source or when extended water resi-
dence times promote mineral-water interactions and subsurface
mixing (Godsey et al. 2009; Hensley et al. 2022). This pattern
aligns with the greater proportion of storage inferred from our
stream water chemistry data at Cold and Longer Creeks, as well
as the greater variability of groundwater inputs deduced from
the stream flow duration curves (Ortega et al. 2025). Mobilising
behaviour generally emerges when strong hydrologic connectiv-
ity links streams to near-stream water sources, such as the ripar-
ian zone, or when enhanced connectivity between streams and
nutrient-rich soil water occurs (McGlynn and McDonnell 2003;
Hood et al. 2006; Godsey et al. 2009).

Interestingly, Longer and Cold Creeks exhibited mobilisation
of geogenic solutes—specifically Si** in both streams and Ca?*
in Longer Creek—that typically display chemostatic or dilution
behaviour in similar systems (Godsey et al. 2009). This unex-
pected mobilisation occurred in the fall (September-November),
when absolute solute concentrations were particularly low.
During this period, streamflow and catchment moisture were
low (Figures 2A, S1, and S2), and precipitation inputs were in-
sufficient to lead to a diluting effect on stream water. Indeed,
precipitation during September 2022 was particularly low and
below the 35th percentile considering data since 1980 (Ortega
et al. 2025).

Overall, streamflow and solute contributions led to predomi-
nantly chemostatic behaviour at the Lookout Creek outlet (LO5),
though evidence of hysteretic behaviour emerged for Si**, Ca?*,
Na*, and K* during low flow conditions (Figure 6). We suggest
that the decline in solute concentrations likely reflects the prop-
agation of C-Q behaviour observed during the summer and fall
when flow is lowest. During these low-flow periods, Cold and
Longer Creeks contribute up to 50% of streamflow to the Lookout
Creek outlet (Ortega et al. 2025). Collectively, these data indi-
cate that subsurface storage interacts with seasonal variations in
catchment moisture, producing distinct C-Q relationships.

4.3 | Spatial Synchrony in Stream Water Chemistry
at the Outlet Is Greatest During Low Flow Periods
and Among Subcatchments With High Subsurface
Storage

Given the similar climatic conditions and proximity of the small
tributary subcatchments, one would expect a uniformly syn-
chronous stream chemical response with the Lookout Creek
outlet (LOS5) (Abbott et al. 2018). Instead, synchrony with LO5
varies markedly by site, solute, and season (Figure 7), peaking
only in the high-storage tributaries of Cold, Longer, and Nostoc
Creeks. Under low-flow conditions, hydrologic connectivity
is therefore highly constrained, such that only these few high-
storage source areas remain active and dominate the outlet
signal. This behaviour mirrors other first-order systems, where
reach-scale storage differences produce asynchronous baseflow
chemistry that converges downstream as flows rise (Zimmer
et al. 2013; Temnerud and Bishop 2005). For example, synoptic
surveys in the Scottish Highlands and Swiss headwaters have

shown that, under drought, only deep-drift or groundwater-fed
tributaries sustain enriched ion loads at the outlet (Blumstock
et al. 2015; Floriancic et al. 2019).

At Lookout Creek, Cold and Longer Creeks, which are both un-
derlain by thick saprolite and reworked lava, dominate summer
baseflow at LO5, causing the outlet chemistry to mirror their
groundwater signatures almost exclusively. Winter rains and
spring snowmelt then reactivate secondary flow paths, strength-
ening synchrony between tributaries and the outlet (Raymond
et al. 2016; Covino 2017; Pinay et al. 2018) in much the same
way that asynchronous baseflow signals converge downstream
as discharge rises in first-order systems (Zimmer et al. 2013;
Temnerud and Bishop 2005). Transitional wetting pulses, early
fall wet up or the onset of spring snowmelt, produce interme-
diate synchrony, reflecting the staggered activation of geomor-
phologically distinct subcatchments, a pattern also documented
in multi-reach tracer studies (Asano et al. 2009). This sequence
of connectivity loss and re-establishment highlights how spatial
differences in subsurface storage and geology govern both the
timing and composition of streamflow under variable climatic
conditions.

As expected, Si**, a major element in the underlying volcanic
mineralogy, showed the highest synchrony across subcatch-
ments during the dry summer months (Figure 7). However,
other geogenically derived solutes exhibited different synchrony
behaviour: Mg?*, Nat, and K*, which are minor elements of the
underlying mineralogy, reached peak synchrony in the fall,
followed by summer. This pattern likely results from higher
concentrations of these elements in the vadose zone due to ac-
cumulation through atmospheric dust deposition or bioaccu-
mulation over the summer when the catchments are drier and
less hydrologically connected (Macpherson and Sullivan 2019;
Sullivan, Goddéris, et al. 2019; Sullivan, Stops, et al. 2019;
Wen et al. 2020). These elements may then be flushed into the
stream network during the initial fall precipitation events (Hood
et al. 2006; Tague et al. 2008). Interestingly, Ca®* did not fol-
low the same pattern as the other geogenic solutes, with peak
synchrony in the spring. This likely reflects that, at this time of
year, subcatchments reach peak hydrologic connectivity and the
vadose-zone solute reservoirs have already been flushed. These
conditions could expose shallower or younger geologic units
containing Ca-rich minerals, such as anorthite, which could act
as a primary source of Ca*. The presence of multiple layered
deposits of lava and ash in the larger Lookout Creek catchment
could support this hypothesis by providing a range of geologic
sources that contribute to variations in Ca?* concentrations
(Swanson and James 1975; Figure 1B,D).

4.4 | Comparison With Long Term Data

Although our data collection provides high spatial resolution,
it is limited to 13months of synoptic sampling, with reduced
sampling at certain sites due to restricted access (Table 1). This
limitation raises concerns about how well our study period re-
flects the long-term behaviour of the Lookout Creek catchment.
To address these concerns and to evaluate the representative-
ness of our dataset, we compared our 2022-2023 chemistry data
to long-term averages collected from tributaries across HJA
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(HF004; Johnson et al. 2021). We combined cation measure-
ments from our synoptic sites, along with long-term data from
sites that drain to Lookout Creek (MC, LOS5, and watersheds 1,
2, 6, 7, and 8) collected between 2005 and 2019, into a multi-
variate PCA (Figure 8). Some long-term sites included the same
streams sampled in our study (e.g., MC and LO5) in addition to
long-term experimental watersheds (e.g., watersheds 1, 2, 6, 7,
and 8) collected from 2005 to 2019. Close agreement between the
long-term and May 2022-2023 chemistry for Mack and Lookout
Creeks indicates that our synoptic measurements reliably cap-
ture typical catchment conditions (Figure 9). However, in both
cases, the long-term data showed slightly lower mean values
along PC2, indicating less variability in the concentrations of
Na* and Ca’*, which could in part reflect differences in data
resolution: our data was collected weekly while the long-term
data was collected every 3 weeks.

Comparisons between long-term data and that of the pres-
ent study for the Lookout Creek outlet to other contributing
watersheds highlight that spatial differences in stream water
chemistry likely arise from variations in underlying geology
and geomorphology. Watersheds in close proximity tend to
have similar chemical profiles. For example, Cold and Longer
Creeks, located in the upper, glaciated region of Lookout Creek,
have chemistry similar to watersheds 6 and 7, which share
similar elevation and underlying lithology (Lava-1 and Lava-2,
Figure 1D). In contrast, watersheds 1 and 2 (WS1, WS2) are situ-
ated in the lower catchment and underlain by pyroclastic flows.
Meanwhile, Nostoc does not cluster with neighbouring water-
sheds (e.g., Cold, Longer, and Mack Creeks), suggesting unique
geochemical signatures. This view of chemical diversity within
the Lookout watershed supports the assertion that underlying
lithology is a primary driver of average geochemical behaviour,
but that differences in geomorphology and subsurface storage
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also play an important role. These data also offer an additional
context for interpreting the longitudinal mixing profiles, sug-
gesting that any deviations in downstream chemical signatures
could reflect the presence of localised geochemical inputs that
were not captured in our study design.

5 | Conclusions

Our study highlights the complex interplay of critical zone archi-
tecture in governing water quality in a montane forested head-
water catchment. Specifically, spatial differences in geology and
geomorphology, and the resulting differences in subsurface stor-
age, fundamentally control stream water chemistry, as reflected
in the spatiotemporal evolution of stream water chemistry from
tributary headwaters to the catchment outlet. Previously glaci-
ated catchments with active earthflows are among those with
the highest subsurface storage, as indicated by stream water
with higher solute concentrations, elevated ratios of base cations
tosilica, and a greater number of solutes that exhibit chemostatic
and mobilising behaviours. While catchments with low subsur-
face storage, such as McRae and Mack Creeks, tend to dilute and
dampen downstream geochemical signatures, those with higher
subsurface storage (e.g., Cold and Longer Creeks) show greater
subcatchment synchrony with the catchment outlet, particularly
during low flow conditions.

Variability in subsurface storage and its influence on hydrologic
connectivity governs the expression of chemical synchrony along
headwaters like Lookout Creek, with important implications for
stream resilience under future climate change and disturbance.
Synchrony and stability are indicators of a catchment's ability to
recover from perturbations (Abbott et al. 2018; Carey et al. 2010),
where highly synchronous systems tend to maintain spatial

2 3 4
P e el KilOmeters.

FIGURE 9 | Principal Component Analysis (PCA) (A) and location of sites within the Lookout Creek Catchment (B) of mean solute concentra-
tions for the sample sites in this study collected between May 2022-May 2023: CC, Cold; LC, Longer; MC, Mack; NC, Nostoc; and MR, McRae Creeks
(orange hues), and long-term records (2005-2019) from the HJA archives for: Mack Creek (MC), Lookout Creek (LOS5), upper elevation experimental

watersheds (WS6, WS7, WS8), and the lower elevation experimental watersheds (WS1 and WS2) (blue hues). Upper elevation sites are shown in dark

hues, while lower elevation sites are shown in light hues.
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stability despite temporal variability (Erlandsson et al. 2008;
Dupas et al. 2019). Thus, synchronous subcatchments within
HJA may be more resilient to disturbances such as shifts in
precipitation regimes or wildfire, while asynchronous ones
may reflect localised responses. However, resilience may still
be maintained if individual subcatchments can independently
recover. For example, low-storage catchments like Mack Creek
may be more vulnerable to wildfire-induced changes in stream-
flow and chemistry, especially where high soil burn severity al-
ters infiltration and evapotranspiration (Ebel and Moody 2017;
Niemeyer et al. 2020).

Building on these insights, our results underscore the impor-
tance of accounting for spatial heterogeneity in subsurface stor-
age when predicting catchment responses to climatic shifts and
disturbances. Under future climate scenarios—where shifts in
precipitation phase and timing are expected—headwater sys-
tems with high subsurface storage will likely exhibit more re-
silient chemical signatures and sustained baseflow. In contrast,
catchments with low subsurface storage may respond more
sensitively to changes in moisture inputs, resulting in greater
variability in downstream water quality. Overall, effective water
management strategies should consider these distinct hydro-
logic and geochemical dynamics to better anticipate changes in
streamflow and water quality under future scenarios.
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