
1 of 19Hydrological Processes, 2026; 40:e70361
https://doi.org/10.1002/hyp.70361

Hydrological Processes

RESEARCH ARTICLE

The Influence of Geomorphology on Storage and Surface 
Water–Groundwater Interactions in Mountainous 
Headwater Streams
Zachary Perry1   |  Catalina Segura1   |  J. Renée Brooks2   |  Sadao Takaoka3   |  Frederick J. Swanson4

1Department of Forest Engineering, Resources, and Management, Oregon State University, Corvallis, Oregon, USA  |  2Department of Forest Ecosystems 
and Society, Oregon State University, Corvallis, Oregon, USA  |  3Department of Geography, Senshu University, Tokyo, Japan  |  4Pacific Northwest Research 
Station, United States Forest Service, Corvallis, Oregon, USA

Correspondence: Zachary Perry (zachary.perry@oregonstate.edu; perryz@oregonstate.edu)

Received: 16 July 2025  |  Revised: 3 November 2025  |  Accepted: 4 December 2025

Keywords: catchment hydrology | groundwater | hydrologic connectivity | Pacific northwest | rain-snow zone | volcanic terrain | water stable isotopes

ABSTRACT
We investigated the influence of landslide deposits on hydrologic connectivity and subsurface water movement in small head-
water catchments in the Western Cascades, Oregon, USA. We examined isotopic variations in surface water across multiple 
catchments, comparing wet and dry periods to assess how antecedent moisture influences hydrologic connectivity and ground-
water interactions. Seasonal shifts in δ18O values reveal that hydrologic connectivity increases during wet conditions, resulting 
in more uniform isotopic signatures across catchments due to enhanced vertical and lateral water movement in the subsurface. 
In contrast, during dry periods there was greater spatial variability in δ18O, reflecting localised groundwater contributions and 
reduced connectivity. Notably, some catchments with high proportions of earthflow terrain maintain consistent water isotopic 
ratios across seasons, suggesting persistent groundwater inputs from landslide deposits. Spatial patterns in δ18O also point to 
subsurface inter-catchment flow paths facilitated by landslide deposits. Streamflow measurements during the dry season further 
support these findings. Catchments underlain by older, stabilised landslide deposits had highly variable unit discharge and fre-
quent periods of flow cessation, consistent with weaker subsurface connectivity and limited water retention. In contrast, catch-
ments draining active earthflows maintained relatively high unit discharges and perennial flow, indicating stronger subsurface 
linkages and greater potential for water accumulation that sustains both flow and ongoing slope movement. We estimated stor-
age potential within landslide deposits and then used this to estimate catchment storage potential. Catchment storage was neg-
atively correlated to variability in isotopic ratios, indicating an inverse relationship between catchment storage and variability 
in water sources in both space and time. Overall, our results demonstrate that geomorphic setting—particularly the presence 
and structure of landslide deposits—can exert strong control on the spatial distribution of hydrologic connectivity in mountain 
catchments. These insights improve our understanding of how subsurface properties mediate water movement and streamflow 
resilience under varying climate conditions.

1   |   Introduction

Headwater streams are critical to the preservation of aquatic 
ecosystems, making up around two thirds of total stream 
length in a given river network (Richardson  2020). They 

play a crucial role in maintaining biodiversity, providing a 
myriad of services to communities within small catchments 
and significantly influencing the larger river network (Finn 
et al. 2011; Golden et al. 2025). These streams influence down-
stream water availability, contribute nutrients along the river 
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network, and support interconnected aquatic communities 
across various stream sizes (Freeman et  al.  2007). In head-
waters of the Western United States, water supply largely re-
lies on winter precipitation, as summer rainfall is minimal. 
Consequently, summer baseflow is sustained by water stored 
in subsurface layers and high-elevation snowpack. However, 
global warming has led to snowpack declines across the re-
gion (Mote et  al.  2018), which in turn may alter subsurface 
storage and streamflow dynamics (Kalra et  al.  2008; Siirila-
Woodburn et al. 2021). These impacts are expected to be most 
pronounced in streams within the rain–snow transition zone, 
where rising temperatures are shifting the zone upslope. As a 
result, systems that historically received both rain and snow 
are increasingly becoming rain-dominated (Vano et al. 2015). 
Quantifying the consequences of these changes remains chal-
lenging, as water routing in mountainous terrain is governed 
by complex patterns of connectivity and variable subsurface 
storage.

Hydrologic connectivity–the degree to which water moves 
within lateral and vertical dimensions–plays a critical role 
in determining the interactions between groundwater and 
surface waters (Pringle  2001; Bracken and Croke  2007). 
Connectivity is influenced by geology (Pfister et al. 2017), to-
pography (Tetzlaff et al. 2009; Jencso and McGlynn 2011), and 
climatic variability (Nippgen et al. 2011; Segura et al. 2019). 
Spatial variations in lithology and geomorphic history define 
the structural template for hydrologic pathways, influencing 
subsurface flow and storage capacity (Nippgen et  al.  2011; 
Bracken et  al.  2013). For instance, permeability, fracture 
networks, and soil properties determine how water moves 
vertically between surface and groundwater systems (Keller 
et  al.  1988; Johnson, Christensen, et  al.  2024), while topog-
raphy and landscape gradients influence lateral flow paths 
(Tetzlaff et  al.  2009; McGuire and McDonnell  2010; Xiao 
et al. 2019). Climatic variability further modulates connectiv-
ity, with precipitation form and pattern (Nippgen et al. 2015), 
storm intensity (Bracken and Croke  2007), and seasonal 
changes in snow (Segura 2021) determining the spatial extent 
and duration of surface and subsurface flow networks. For ex-
ample, during wet periods, subsurface connections to surface 
water may strengthen as water tables rise, whereas droughts 
can weaken these links, isolating groundwater reserves from 
surface systems. Although substantial progress has been 
made in understanding the mechanisms of connectivity, the 
influence of spatial variability in geomorphology on regional 
connectivity remains poorly understood.

In mountainous regions such as the volcanic terrain of the 
Western Cascades, OR, USA, landslides of various types play a 
pivotal role in shaping the landscape (Swanson and James 1975). 
The term landslide broadly refers to a wide variety of soil and 
rock movements (Varnes 1978). In the Western Cascades, com-
mon types include debris slides, which are rapid movements 
of earth material down steep slopes, typically leaving behind 
a discernible headscarp. When this material enters and trav-
els along a stream channel, it is referred to as a debris flow. 
Rotational slides are similar to debris slides but differ in that 
the material moves along a concave failure surface, producing a 
steep headscarp above a slump bench on the displaced material. 
Earthflows are slower, episodically moving landslides driven in 

part by seasonal cycles of precipitation (Pyles et  al.  1987) and 
clay mineral expansion and contraction. Earthflow terrain typi-
cally occurs on moderate slopes and is characterised by complex 
surface topography and disrupted stream networks both on and 
around the perimeter of the deposit. These features can persist 
for millennia, cover large areas (often exceeding 1 km2), and 
may transport intact forest vegetation on their surface (Swanson 
and Swanston 1977).

Landslides and their deposits are common in mountain land-
scapes, especially Oregon and similar tectonically-active zones 
with weak bedrock (Gómez et  al.  2023), but their impact on 
hydrologic connectivity is not well characterised. Previous re-
search demonstrated the hydrologic influence of landslide de-
posits on water storage potential (Weekes et  al.  2014) in the 
Rocky Mountains in Colorado. However, the variability in 
storage and subsurface flow paths introduced by deposits of 
differing depths, ages, and extent remains poorly quantified. 
One study on earthflow deposits in the Western Cascades sug-
gested that these features could store and release water over 
interannual timescales, impacting runoff generation and flow 
intermittency (Swanson and Swanston 1977). More recently, the 
influence of landslide deposits on baseflow sources was inferred 
from tracer information (Segura et al. 2019; Ortega et al. 2025). 
Modern advances in water tracers, catchment hydrology, and 
landscape analysis offer new opportunities to more rigorously 
investigate the role of landslide deposits in shaping hydrologic 
connectivity across spatial and temporal scales. Understanding 
these dynamics is crucial for predicting how small catchments 
will respond to climate variability.

Water stable isotopes (WSI) have become a central tool in hy-
drology to investigate subsurface water dynamics. WSI serve 
as natural tracers for fingerprinting water and studying hy-
drologic dynamics, with their spatial and temporal variability 
in streams aiding hydrologic investigations (Bowen et al. 2019; 
Jasechko  2019). Notably, WSI have been fundamental in 
the study of water transit times (see reviews by McGuire and 
McDonnell 2015; Benettin et al. 2022). In mountainous settings, 
WSI have been used extensively to understand the role of topog-
raphy (McGuire et al. 2005; Mueller et al. 2013; Gao et al. 2021), 
the subsurface (Soulsby et  al.  2015; Pfister et  al.  2017; Zhang 
et al. 2019), and climate variability (Brooks et al. 2025; Penna 
et al. 2015; Segura 2021) in determining water storage and transit 
time. Relevant to this investigation, WSI have been used to un-
derstand water flow paths and contributing source areas (Rock 
and Mayer 2007; Brooks et al. 2012, 2025; Weekes et al. 2014; 
Nickolas et al. 2017; Ortega et al. 2025).

In this study, we investigate the influence of geomorphology 
on hydrologic connectivity dynamics by coupling WSI obser-
vations in precipitation and streams with landscape analyses 
and streamflow observations. We used a snapshot of spatial 
variations in specific discharge to contextualise WSI and infer 
subsurface water dynamics. Additionally, we investigated the 
occurrence of intermittent streamflow as it pertains to dif-
ferent landscape types. Specific discharge has been used ex-
tensively to characterise spatial variability in streamflow as 
a result of climate variability and changes in physiography 
(Shaman et al. 2004; Payn et al. 2012; Lyon et al. 2012; Asano 
et al. 2020). Lastly, we used digital elevation models (DEMs) 
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derived from Light Detection and Ranging (LiDAR) to charac-
terise depth and extent of landslide deposits to tease out their 
role in subsurface water dynamics and hydrologic connectiv-
ity. LiDAR has been used to aid in hydrologic investigations 
in landscapes that are traditionally difficult to study due to 
topographic complexity (Hopkinson et  al.  2009; Buchanan 
et al. 2014; Segura et al. 2019).

Untangling the relationship between geomorphology and sub-
surface water dynamics within heterogeneous landscapes is key 
to advancing our understanding of how regional and catchment-
scale landscape features control hydrological processes. Our 
goal was to examine how landslide deposits influence water 
movement. These insights are critical for predicting future 
water availability in rain-snow transition zones, particularly 
under the pressures of a warming climate. This study has three 
main research questions:

1.	 How do landslide deposits modulate hydrologic connec-
tivity and affect groundwater–surface water interactions 
under varying climatic conditions?

2.	 How do the extent and depth of landslide deposits influ-
ence the hydrologic connectivity within and between 
catchments at various spatial scales?

3.	 How does the spatial distribution of landslide deposits in-
fluence the occurrence of intermittent streams and spatial 
patterns in unit discharge?

2   |   Methods

2.1   |   Study Site

This study was conducted in the HJ Andrews Experimental 
Forest (hereafter Andrews Forest) located in the Western 
Cascades of Oregon (44.2° N, 122.25°W) (Figure  1a). 
Originally established in 1948, the Andrews Forest has been 
an NSF-funded Long Term Ecological Research (LTER) site 
since 1980. The site spans wide elevational (430–1631 m.a.s.l) 
and climatic gradients. The climate is Mediterranean, with 
dry summers and wet winters. Annual precipitation varies 
with elevation from 2300 mm to > 3550 mm, with ~80% of the 
annual precipitation falling between November and May. In 
general, snowpack persists from mid-November until the end 
of June above 1000 m.a.s.l. Below this elevation, snowpack 
rarely persists for more than 2 weeks (Jennings and Jones 2015; 
Jones and Perkins  2010). Vegetation is primarily old-growth 
coniferous forest (75% of the area) dominated by Douglas-
fir (Pseudotsuga menziesii) and western hemlock (Tsuga 

FIGURE 1    |    Site map of the Andrews Forest. (a) Location of the Andrews Forest and Corvallis within Oregon, USA. (b) Lithology in the Andrews 
Forest and long-term meteorological stations (red circles). (c) Geomorphology map of the Andrews Forest, highlighting the locations of landslide, 
glacial, and alluvial deposits, along with landslide scarps (adapted from map created by S. Takaoka & FJ Swanson). The three process domains 
(Goodman et al. 2022) are delineated, and are based on the overarching geomorphologic processes.
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heterophylla) at lower elevations and by noble fir (Abies proc-
era) and Pacific silver fir (Abies amabilis) at upper elevations. 
The area is underlain by volcanic rock, stratified into three 
geologic zones (Figure 1b). Ridges are underlain by Miocene 
lava flows, which have relatively high porosity, while lower 
elevation areas are underlain by ash flow and air fall tuffs, and 
alluvial tuffaceous sedimentary rocks (Swanson 2013; Walker 
and MacLeod 1991). The landscape is spatially heterogenous, 
with influence from glacial, landslide, and fluvial processes 
(Figure 1c). Upper Lookout Creek drains U-shaped valleys, a 
relic of glacial erosion. The McRae Creek drainage and por-
tions of Upper Lookout drain earthflow terrain, shaped by 
landslides of various types (Swanson and James  1975). As 
such, the region can be divided into three process domains: 
debris flow-, earthflow-, and glacially dominated geomorphol-
ogies (Goodman et al. 2022). In general, soils are loamy, have 
high infiltration capacity, and are well drained due to high 
porosity and large pore sizes in addition to a relatively high 
gravel content (Dyrness  1969; Rothacher et  al.  1967; Hawk 
and Dyrness 1972).

2.2   |   Experimental Design

To investigate the relationship between landslide deposits 
and hydrologic connectivity, we selected 12 headwater catch-
ments within two adjacent 4th order catchments (Figure  2) 
that spanned earthflow and glacially dominated landscapes 
(Figure  1). These catchments represent a range of physio-
graphic conditions, and importantly, a range of influences 
from landslide deposits (Table  S1). Within these systems, 
we conducted synoptic sampling campaigns for water stable 

isotopes (WSI) during wet and dry periods to cover a range 
of hydrologic conditions (Section  2.3). We characterised the 
regional isotopic lapse rate and analysed stream WSI data in 
the context of expected regional precipitation processes to un-
derstand groundwater dynamics (Section  2.5). Additionally, 
we measured unit discharge and flow intermittency during 
a single dry period to characterise spatial variability in flow 
conditions (Section 2.6). We quantified landslide deposit depth 
and extent using LiDAR data to estimate landslide deposit vol-
ume per catchment (Section 2.7). Finally, we used the standard 
deviation of δ18O as a proxy measure of hydrologic connectiv-
ity and related this to landslide storage to understand the role 
these deposits play in regulating water movement and catch-
ment storage (Section 2.8).

The synoptic sampling campaigns were ranked 1–4 based on 
their relative wetness considering climatic conditions (Table 1). 
Campaigns in May 2022 and May 2023 were considered ‘wet’ 
conditions. Conversely, the campaigns in August 2021 and 
August 2022 represent ‘dry’ conditions, with August 2021 being 
drier than August 2022, based on precipitation and stream-
flow data (Figure S1) (Daly et al. 2024; Johnson, Wondzell, and 
Rothacher  2024). Conditions in May 2022 were wetter than 
in May 2023 despite the higher snow accumulation in 2023. 
Cumulative precipitation was lower in 2023, with much of the 
wet season precipitation falling as snow. Mean annual precipi-
tation across the 20-year record was 2420 mm. Annual precipi-
tation for water years 2021, 2022, and 2023 was 2211, 2628 and 
2089 mm, respectively. We selected May and August to capture 
the high-flow snowmelt period and the low-flow groundwater 
dominated period, respectively, but the years also added signifi-
cant variation to the hydrologic condition.

FIGURE 2    |    Map of the study streams in the Andrews Forest. Primary streams are shown in blue and the 12 headwater streams we investigated 
are depicted in various colours. The number in the legend corresponds to the number shown on the map for each study stream. Upper Lookout and 
McRae Creek drainages are highlighted, as well.



5 of 19Hydrological Processes, 2026

2.3   |   Water Sampling for Stable Isotope Ratios

Stream water samples were collected across the 12 headwater 
catchments (1st–3rd order) during the four synoptic campaigns. 
We also sampled the main stems of Lookout and McRae Creeks 
(4th order) during baseflow conditions in August (Figure 2 and 
Table S1), for a total of 14 study catchments. During the dry cam-
paigns (August), we covered the full extent of flowing water in 
each stream. Conversely, in wet campaigns (May), we sampled 
shorter portions of some streams given logistical constraints. 
Sampling campaigns were conducted over 2–5 days. In 1st–3rd 
order streams, samples were collected at a 50 m interval, and 
in 4th order streams at a 100 m interval. All samples were geo-
referenced using Avenza Maps Pro, with an accuracy of ~±5 m 
on GPS enabled smart devices.

Weekly composite precipitation samples were collected between 
2015 and 2023 at the PRIMET meteorological station (430 m, 
Figure  1) (Segura et  al.  2025) and at Corvallis EPA Pacific 
Ecological Systems Division climate station (Brooks et al. 2012, 
2025). In both locations, we used PALMEX integrating rain sam-
plers that meet International Atomic Energy Agency (IAEA) rec-
ommendations to prevent evaporation (Gröning et al. 2012). All 
water samples were collected and stored in 20 mL high density 
polyethylene or borosilicate glass vials with conical inserts in the 
cap to prevent evaporation during storage. All stream samples 
and Andrews Forest precipitation samples were analysed in the 
Watershed Processes Laboratory at Oregon State University. All 
Corvallis precipitation samples were analysed at the Integrated 
Stable Isotope Research Facility (ISIRF) at United States EPA 
Pacific Ecological Systems Division in Corvallis, Oregon.

2.4   |   Laboratory Methods

At the OSU Water Processes Laboratory, water stable isotope 
ratios were measured in a total of 1246 stream water samples 
and 317 precipitation samples using a cavity ring down spectros-
copy liquid and vapour isotopic measurement analyser (Picarro 
L2130-i, Picarro Inc., CA). Two internal standards were used to 
develop calibration equations, and a third standard was used to 
assess accuracy. All the standards were calibrated against the 
IAEA primary standards for Vienna Standard Mean Ocean 

Water (VSMOW), Standard Light Antarctic Precipitation, and 
Greenland Ice Sheet Precipitation. Precision was 0.02‰ and 
0.09‰ for δ18O and δ2H, respectively, based on the comparison 
of 102 duplicated samples. Accuracy was 0.01‰ ± 0.04‰ and 
0.08‰ ± 0.25‰ for δ18O and δ2H, respectively. Analytical meth-
ods for ISIRF are given in Brooks et al.  (2025). Isotope values 
were reported in parts per thousand (‰) deviation relative to 
VSMOW (Craig 1961). Here, we use the terms isotopically higher 
or lower to indicate an increase or decrease in relative 18O con-
tent of a sample. Mean volume-weighted precipitation values for 
δ18O and δ2H were calculated, but given the strong correlation 
between δ18O and δ2H (Figure  S2), only δ18O was used in the 
analysis.

2.5   |   Isotopic Lapse Rate Estimation

We used surface water samples and volume–weighted precipita-
tion samples to estimate a lapse rate for the Andrews Forest. For 
surface water samples, we calculated the mean isotopic ratio at 
the outlet of each catchment across sampling campaigns. This 
provided 14 mean isotopic ratio values from 14 streams with 
mean catchment elevations between 846 and 1283 m. For pre-
cipitation samples, we used the mean annual volume-weighted 
isotope ratios at PRIMET (460 m) and Corvallis (72 m) between 
the water years 2015 and 2023. We calculated the overall mean 
isotope ratio at each site by averaging over the 8-year record. We 
then used linear regression to calculate the relationship between 
isotopic ratios and elevation using both precipitation sites and 
the 14 stream sites.

The relationship between elevation and δ18O was used to esti-
mate the expected δ18O at each study catchment outlet, based 
on their mean catchment elevations. By comparing these ex-
pected ratios to the observed values, we determined whether 
streams were isotopically lower, higher, or within the expected 
range given their elevation. Streams with lower isotopic values 
indicate catchments that are recharged with water received at 
higher elevations in the landscape. Streams with higher isotopic 
values indicate catchments that could be losing high elevation 
water through inter-catchment subsurface flow paths. We used 
this technique to infer subsurface water movement out of or into 
catchments.

TABLE 1    |    Summary of hydrologic conditions during each sampling campaign, based on the analysis of meteorological and hydrological data 
(Figure S1) from stations in the Andrews Forest (Figure 1).

Sampling campaign Hydrologic conditions Wetness rank

August 2021 Summer sampling following a relatively dry winter. Flows were lower than 
average, with streamflow becoming intermittent in multiple study streams.a

4

May 2022 Spring sampling at the tail end of the snow melt. Based on soil moisture 
and flow records, this was the wettest sampling campaign.

1

August 2022 Summer sampling following a wet winter. Flows were higher than average, 
though baseflow conditions still presented intermittent flow in some streams.

3

May 2023 Spring sampling at the tail end of the snow melt. Maximum 
snowpack levels were highest of all sampling periods, though 

below average rainfall led to below average flow.

2

Note: Wetness was ranked (4 = driest conditions, 1 = wettest conditions) to differentiate the campaigns.
aMCTW2, WS8S, WS7S, WS6S, S05.
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2.6   |   Streamflow Measurements and Flow 
Intermittency

Site-wide variability in unit discharge during baseflow con-
ditions was estimated based on measurements of flow at 
stream-crossing culverts across the Andrews Forest during 
the summer of 2023 using a bucket and a stopwatch. We re-
corded observations of flow conditions (either dry or flowing) 
and took measurements where the culvert design allowed for 
it. For dry culverts, we visually confirmed the lack of flow 
both above and below the road. We believe that bypass of 
these culverts by flow through the fill is minimal due to the 
construction standards used to guarantee fill slope stability. 
Additionally, fine sediment deposition in the substrate at the 
head of the culverts serves to minimise culvert bypass. We 
visited 50 culverts during two surveys in August. Three mea-
surements were taken at each culvert to estimate an average 
discharge. In addition to the bucket flow measurements, we 
compiled discharge during these days for seven experimental 
catchments in the Andrews Forest (Johnson, Wondzell, and 
Rothacher 2024) that drain into Lookout Creek. We also con-
sidered streamflow at Longer and Cold Creeks based on ex-
isting rating curves (Ortega et  al.  2025). While we intended 
to characterise site-wide variability in unit discharge over the 
course of a few months, the outbreak of the Lookout Fire on 
August 5, 2023, halted data collection. Although this intro-
duces a limitation to our study, we believe that our observa-
tions represent typical baseflow behaviour in terms of the 
relative differences between sites.

2.7   |   Landscape Characterisation With LiDAR

Landform units were identified by interpretation of the 
shaded maps generated from the 1-m LiDAR DEM and sub-
sequently mapped as polygons using GIS. In the GIS-based 
landform mapping process, the landform classes were iden-
tified and delineated by superimposing contour lines at 2-m 
intervals generated from the DEM on to the shaded map in 
order to facilitate the identification of topographic features. 
For the landslide landforms, the protocol developed by Burns 
and Madin (2009) was referenced to map the extent of land-
slide scarps and landslide deposits, noting the presence of 
micro landforms, such as scarps, deposits, and altered streams 
(Varnes 1978). The morphological characteristics of landslide 
landforms reported in previous studies from this region were 
also taken into consideration (Swanson and James  1975; 
Swanson and Swanston  1977). Alluvial landforms that de-
velop along streams include floodplains, river terraces, and 
alluvial fans. Glacial landforms such as U-shaped valleys and 
cirque valleys are present in the upper reaches, and some of 
the sedimentary landforms on the valley floor are considered 
to be of glacial origin.

To characterise the potential water storage capacity of landslide 
deposits, estimates of deposit depth were calculated based on 
DEM derived surface elevation measurements. We measured 
the depth of stream channel incision (where available) and the 
height of deposit toes on terraces and streambanks. Based on 
the degree of weathering of the larger deposits, the presence 

of Mazama volcanic ash (~7700-years old), the presence of 
500-year-old forests, and detailed observations of individual 
features, the relative age of these deposits has been determined 
and likely span a period since the beginning of the Holocene 
(Swanson and James  1975). In particular, older deposits are 
common in the McRae Creek drainage, while some of those 
along Upper Lookout Creek are younger. Fluvial erosion has 
carved deep stream channels through and along the margins of 
various landforms, allowing for a minimum estimate of deposit 
thickness. Additionally, the height of the toes of some earth-
flow deposits provided minimum estimates of their thickness. 
Elevation profiles were captured approximately every 100 m 
along streams and landslide deposit margins and an average 
value of streamflow incision and/or deposit toe height was used 
to characterise individual deposit depths (Figures S3 and S4). 
We grouped deposits within 6 distinct landforms based on the 
largest landslide deposits in each region (Figure S4). While topo-
graphic variability within these landforms can be high, using a 
single representative mean value for landform depth provides 
our best estimate of deposit thickness, acknowledging that local 
variability in depth is not fully captured. We estimated deposit 
porosity using a range of values found in the literature for land-
slide deposits. These estimates ranged from 25%–40% porosity 
(Malet et al. 2004; Nereson et al. 2018; Zhang et al. 2024). We 
then calculated a potential range of subsurface water storage 
(m3) for each deposit of interest using Equation (1).

All spatial and landscape analyses were performed using ArcGIS 
geographical information system (GIS) software (Version 3.2.0). 
We used a 1-m DEM developed using aerial LiDAR, acquired in 
2020 (OCM Partners 2025).

2.8   |   Catchment Landslide Storage and Predicted 
Variability in δ18O

We used estimates of deposit storage to estimate maximum 
catchment landslide storage based on the percentage of land 
area underlain by deposits (Table  S1) using Equation  (2). 
Catchment topographic boundaries were delineated manually 
in ArcGIS using a 5 m contour and used to extract the percent-
age of each underlain by landslide deposits. For estimates using 
Equation (2), we used the upper range of porosity values (40%). 
We assumed a single value for the depth of deposits for each 
catchment.

We then created a linear regression model to relate estimates of 
catchment landslide storage to standard deviation in δ18O for 
catchments in the earthflow-dominated process domain. Here, we 
use standard deviation in δ18O as a proxy measurement of hydro-
logic connectivity, where low variability across samplings would 
indicate consistent groundwater contributions, and vice versa.

(1)

Potential Storage = Deposit Thickness∗Porosity∗Deposit Area

(2)

Catchment Landslide Storage=Drainage Area
(

m2
)

∗Area Underlain by Deposits (%)

∗Depth of deposits (m) ∗Porosity (%)
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3   |   Results

3.1   |   Isotopic Rainout Effect and Deviations From 
Expected Lapse

The mean regional lapse rate considering isotope data from 
Corvallis and the Andrews Forest was −0.15‰ ± 0.000/100 m 
for δ18O and −0.96‰ ± 0.001/100 m for δ2H (Figure  3). Using 
this regional lapse relationship, we compared the observed 
mean δ18O at each catchment outlet to its expected value, based 
on the mean catchment elevation (Figure 4). We found that for 
the 4th order streams, mean δ18O values in Upper Lookout Creek 
(UL) were lower than the lapse rate would predict by 0.09‰ and 
in McRae Creek (MR) mean δ18O values were higher by 0.08‰. 

Smaller tributaries within these two drainages were both higher 
and lower than predicted by the lapse rate. Mean δ18O values 
were lower (−0.06‰ to −0.25‰) than predicted in Cold Creek 
(CC), S02, MCTW, and WS6S while mean δ18O values in Torrent 
Creek (TC), Longer Creek (LC), MCTW2, NC, S05, S06, and 
WS8S were higher than expected (0.06‰–0.27‰). Mean δ18O 
values in WS7S did not significantly deviate from the expected 
lapse based on the precision of the measurement.

3.2   |   δ18O of Stream Water

The range of δ18O over the entire sample period was −9.91 to 
−11.74‰ but varied between synoptic sampling campaigns 
(Figure  5). Interestingly, the mean δ18O differed the most be-
tween May samplings. May 2022 had the highest mean δ18O 
at −10.81‰ and May 2023 had the lowest mean at −11.00‰. 
Meanwhile, August 2021 had a mean of −10.91‰ and August 
2022 had a mean of −10.87‰. Differences in mean δ18O be-
tween all samplings were significant, despite these differences 
being small (Table S2). This pattern, with May 2022 δ18O values 
being the highest and May 2023 δ18O values being the lowest, 
was also seen in individual streams (Table S3) with exceptions 
of 5 streams (LC, NC, S02, WS6S, WS7S) when August 2021 δ18O 
values were the lowest observed.

Overall inter-stream δ18O variability was higher in Upper 
Lookout compared to streams in McRae (Figure 5 & Table S4), 
but generally, stream δ18O decreased with increasing eleva-
tion. In Upper Lookout, Cold Creek δ18O was consistently and 
significantly lower (�180 = −11.45‰) than all other streams 
(Figure  S5) including the adjacent Torrent Creek, though the 
mean elevations differ by only 28 m. In another example of ad-
jacent streams, S05 had consistently higher δ18O values when 
compared with S06 (�180 = −10.72‰ vs. �180 = −10.89‰) even 
though their mean catchment elevation is only 37 m apart. In 
the McRae Creek drainage, isotopic ratios were spatially more 
homogenous, though still exhibiting unique trends. Despite 
draining the catchment with lowest mean elevation (Table S1), 
S02 (�180 = −10.85) had the second lowest δ18O in the McRae 

FIGURE 3    |    δ18O (‰) (a) and δ2H (‰) (b) plotted against mean elevation for 2 precipitation sites (Corvallis & PRIMET) (2015–2022) and 14 stream 
sampling sites in the Andrews Forest (2021–2023). The circles represent: In precipitation—the mean volume weighted values for each water year in 
the record, in streams—the mean value for each of the 5 campaigns, per site. The diamonds represent the overall mean value for each site. The linear 
regression was calculated using the overall mean values (95% CI δ18O: −0.002 to −0.001, δ2H: −0.012 to −0.007).

FIGURE 4    |    Average deviation in δ18O (‰) from expected lapse at 
each site. These values represent the mean deviation across all sampling 
campaigns. The dotted red lines show the Picarro Analyser precision 
(±0.04) based on 102 duplicate samples to highlight results that are sig-
nificant. The error bars associated with each bar represent the standard 
error of the mean. Values above zero represent sites that are measuring 
higher δ18O than expected and values below zero represent sites that 
are measuring lower δ18O than expected. Sites are ordered by ascending 
mean catchment elevation.
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Creek drainage. WS8S had a higher mean isotopic ratio (�180 = 
−10.70) than WS7S (�180 = −10.88) despite WS8S being higher in 
mean elevation by 27 m. Lastly, MCTW2 and MCTW had isoto-
pically similar δ18O values (�180 = −10.73 vs. �180 = −10.75) de-
spite MCTW2 draining a catchment with mean elevation 237 m 
higher than MCTW.

Based on the regional lapse rate (Figure  3), we expected a 
change of approximately −0.15‰ in δ18O per 100 m of increasing 
elevation within a stream; however, this pattern was seldom ob-
served. Longitudinal isotope profiles revealed that δ18O–eleva-
tion relationships were often weak or non-significant, and only 
a subset of sites exhibited statistically meaningful lapse rates 
(Figure 6, Table S5). On average across sampling campaigns, the 
most consistent and least variable lapse rates occurred in Cold 
Creek, Longer Creek, S06, and S02, though these relationships 
were often not significant. In contrast, WS6S, MCTW2, S05, 
WS7S, and WS8S showed greater variability among campaigns, 
with slopes occasionally significant but inconsistent in direc-
tion. Inter-stream variability in lapse rates was highest during 
August 2021, the driest sampling period. With the exception of 
WS7S and MCTW2, mean lapse rates across catchments were 
an order of magnitude smaller than the regional lapse rate. We 
assessed the variability of sample points along the longitudinal 
lapse profiles to infer the influence of tributary streams and the 
influence of groundwater recharge along stream reaches.

In the August campaigns, we noted significant and abrupt shifts 
in δ18O values along the profile, deviating from the expected 
decrease with increasing elevation (Figure  6 boxes). This was 
particularly the case in Nostoc Creek, Longer Creek, WS6S, 
MCTW, Torrent Creek, and S05. In the cases of Longer Creek, 
MCTW, and Nostoc Creek, we attributed these abrupt shifts to 
the influence of tributaries entering roughly 115, 140, and 90 m 

of elevation above the confluence, respectively. In contrast, 
the shifts we observed in S05, TC, WS6S, and Longer Creek at 
roughly 115, 75, 25, and 65 m of elevation above the confluence, 
respectively, did not relate to the confluence of any tributary. 
This suggests the presence of high groundwater inflows. In Cold 
Creek, S02, and S06, longitudinal profiles between δ18O and ele-
vation were relatively flat, indicating relatively small changes in 
water sources moving along the stream. Indeed, the lack of de-
creasing δ18O in Cold Creek indicates the influence of a known 
groundwater outflow which dominates streamflow in this creek 
(Segura et al. 2019; Ortega et al. 2025).

3.3   |   Characterisation of Flow Regimes

We found evidence of intermittent streamflow during summer 
baseflow conditions in the Andrews Forest. Of the 50 culverts 
visited during the two streamflow surveys in August 2023, 64% 
(32 culverts) were dry (Figure 7). Only 3 of the 17 culverts visited 
in the McRae Creek drainage were flowing. In total, discharge 
was measured in 15 of the 18 culverts where flow was observed. 
In the remaining 3 culverts that had flow, discharge measure-
ments were not possible. These discharge measurements to-
gether with discharge observations in Longer and Cold Creeks 
(Ortega et al. 2025), 8 experimental catchments, and the USGS 
gage station (no. 14161500) at the Lookout Creek outlet varied 
in unit discharge between 0.062 and 7.16 mm/day on August 1 
(Figure 8a). Longer Creek, Cold Creek, and culvert C4 had the 
highest unit discharge, with Cold Creek having roughly twice 
the unit discharge of Longer Creek and over 14× the unit dis-
charge of Lookout Creek at the outlet.

Unit discharge was higher in culverts within the Upper Lookout 
Creek drainage (C1–10) when compared to those measured in the 

FIGURE 5    |    Distribution of δ18O (‰) in each stream sampled across four synoptic campaigns (a) August 2021, (b) August 2022, (c) May 2022, (d) 
May 2023. Boxes depict the median (line) and the interquartile range (25%–75%). Whiskers represent 1.5× the interquartile range. The number of 
samples collected per site is indicated below the site name. Sites are ordered by ascending mean watershed elevation (Table S1).
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McRae Creek drainage (C11–15). Of note, a culvert in S06 (C6) 
had ~6× more unit discharge than an adjacent culvert in S05 (C7). 
Above the confluence of S05 with Upper Lookout Creek (C3), unit 
discharge increases to ~6× the unit discharge at the upstream 
culvert (C7). This change in flow coincides with the isotope shift 
along S05 during August between C7 and C3 (Figure  6). The 
high unit discharge observed in C4 and C6 in S06 corresponds 

to drainages that come out of a large active earthflow. The spa-
tial distribution of dry culverts showed a higher proportion of 
dry streams in drainages along McRae Creek and in the lower 
portion of the Upper Lookout drainage (Figure 7). Overall, drain-
age area was a poor predictor of discharge due to the high level of 
variability (Figure 8b). This was particularly the case for the cul-
verts (R2: 0.22, p-value: 0.07), whereas in the experimental gauges 

FIGURE 6    |    Longitudinal profiles of δ18O (‰) for each of the study streams along the elevational profile. Elevation corresponds to the elevation 
of the sampling location, normalised so that the stream's confluence represents an elevation of 0 m. Error bars represent Picarro Analyser precision 
in δ18O (±0.04) based on 102 duplicates. Boxes on figures represent significant shifts in δ18O (solid: Tributary influence, dashed: Groundwater in-
fluence). Sample elevation changes linearly with upstream elevation for all sites (R2 > 0.95) except LC (R2 = 0.80), where we observed relatively small 
changes in mean upstream elevation between some sampling points.
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FIGURE 7    |    Map showing locations of culverts visited during discharge surveys on 8/1/2023 and 8/8/2023. Red points represent culverts that were 
dry. Green points represent culverts with flow, but where a measurement was not possible. Black triangles represent culverts where measurements 
were taken, and the associated culvert ID is shown. Orange circles represent leveloggers installed in Cold Creek (CC) and Longer Creek (LC). Long-
term stream gauges are represented by gauged watershed boundaries, with the exception of the USGS gauge on Lookout Creek (pink X).

FIGURE 8    |    (a) Unit discharge (Q/DA) readings from bucket and stopwatch surveys at culverts across the Andrews Forest. Measurements were 
completed during two separate surveys in August 2023. C# represents culvert sites where measurements were taken. LC and CC discharge values 
were obtained from stage readings and prior rating curves calculated at each site. WS01-WS08 and Mack Creek discharge data were obtained from 
the long-term stream gauges at the Andrews Forest and Lookout Creek data was obtained from the USGS (#14161500). (b) Discharge (cm) plotted 
against drainage area (m2) from August 1, 2023, in a log–log scatter plot.
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alone, drainage area was a strong predictor of discharge (R2: 0.94, 
p-value: 0.03). Interestingly, we found that there was a statistical 
difference between drainage areas when comparing the group of 
culverts that had flow to the ones that were dry. We found that on 
average, culverts with flow drained larger catchments (Figure S6).

3.4   |   Deposit Thickness and the Landscape's 
Influence on Isotopic Variability

Estimates of deposit thickness range from 4.2 to 23.5 m for 
six landforms located in both the McRae and Upper Lookout 
drainages (Figure  9 and Table  S6). These estimates represent 
minimum approximations because channels may not be cut 
completely through the deposits to underlying bedrock. Using 
estimates of deposit thickness, porosity values of 25% and 40%, 
and Equation  (1), we calculated the range of potential water 
storage in each feature. The overall range was from 3.2 × 105 
to 1.2 × 107 m3 (Table  2). Considering the well-draining soils 
with high infiltration capacity (Dyrness 1969) in a landscape in 
which overland flow is very rare (Harr 1976), full saturation in 
soil and deposits is likely never achieved. As such, the storage 
estimates represent the theoretical maxima.

Estimates of catchment landslide storage in deposits ranged from 
~4 × 104 to 9.8 × 106 m3 (Table S7). We used estimates of maxi-
mum catchment storage in landslide deposits to explain vari-
ability in mean catchment δ18O (Figure 10 and Table 3). Linear 

regression results indicated that estimated maximum catch-
ment storage in landslide deposits (Max Storage) was an effec-
tive predictor for Std Dev in δ18O (R2: 0.6, p-value: 0.014). Results 
indicate that as maximum landslide storage increases, isotopic 
variability in surface waters decreases. We performed this re-
gression for all catchments within the earthflow-dominated 
process domain, with the exception of MCTW. Catchment stor-
age in deposits is difficult to quantify in MCTW due to the size of 
the catchment and the range of landslide deposit depths. While 
we included this point on the figure, we left it out of the regres-
sion model because it is a significant outlier with a high degree 
of uncertainty in the storage prediction.

4   |   Discussion

4.1   |   Seasonal Fluctuations in Hydrologic 
Connectivity

The observed seasonal variability in isotopic ratios under-
scores the influence of antecedent moisture in regulating water 
movement within the Andrews Forest. Both intra- and inter-
catchment variability in δ18O were greater during drier sampling 
periods (August) compared to wetter periods (May) (Figure 5). 
Though we also observed the largest difference in mean δ18O be-
tween the two May samplings. During wet conditions, two com-
peting factors contribute to our observations. Increased vertical 
connectivity within the subsurface leads to the introduction of 

FIGURE 9    |    (a) The landforms described in Table 2 are shown in (b) McRae Creek and (c) Upper Lookout drainages. Study streams that drain 
these landforms (nine out of twelve) are included (Figure 2).
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a well-mixed water source across catchments, leading to less 
intra-stream variability in δ18O. However, annual variability in 
climatic conditions and the resulting influence on mean δ18O 
in annual precipitation plays a large role in determining the 
mean δ18O across the site. As a result, wet season δ18O can vary 
significantly in time, but we also observe less spatial variabil-
ity between catchments. Alternatively, during dry conditions, 
vertical connectivity decreases and intra-stream variability in 
δ18O increases as local variations in subsurface structure dictate 
where groundwater–surface water interactions occur. These 
patterns reflect changes in hydrologic connectivity, which al-
ters the sources of surface water recharge under varying mois-
ture conditions. Previous research has emphasised the critical 
role of antecedent moisture in shaping hydrologic connectivity 
across spatial scales (McGuire and McDonnell 2010; James and 
Roulet 2009; Jencso and McGlynn 2011).

These results have implications for understanding catchment 
responses to climate change, as dry conditions limit hydrologic 
connectivity to varying degrees across study streams. In the 
Andrews Forest, transit times are shorter and less variable across 
catchments during low-moisture conditions, reflecting the ef-
fects of reduced connectivity between surface and groundwater 
(Segura  2021). In contrast, during wet conditions, catchment 
characteristics and lithology strongly influence hydrologic vari-
ability (McGuire et al. 2005; Segura et al. 2019). These findings 
align with broader studies of mountainous catchments that em-
phasise the pivotal role of climate and wetness states in shaping 

hydrologic responses (Brooks et  al.  2012, 2025; Heidbüchel 
et  al.  2013; Hrachowitz et  al.  2009; Seeger and Weiler  2014). 
Although our study does not measure the same hydrologic 
indices, it reflects a similar reality. For many study streams, 
temporal trends in δ18O suggest that during wet conditions, 
hydrologic connectivity between surface water and groundwa-
ter sources increases. During dry conditions, connectivity de-
creases. However, access to groundwater remains in discrete 
points along the stream network. As the landscape dries, these 
inflows become increasingly important for generating stream-
flow and they dominate the δ18O signal. In some streams (Cold 
Creek, Longer Creek, S02 and S06), though, the variability in 
δ18O across sampling periods, even during dry conditions, was 
minimal. This indicates that these systems maintain relatively 
consistent groundwater connectivity under all conditions. The 
catchment areas of S06 and S02 drain 88%–99% landslide ter-
rain, suggesting that some streams draining a high proportion 
of landslide deposits have strong, consistent hydrologic connec-
tivity. However, most catchments in landslide terrain (WS6S, 
WS7S, WS8S, S05, NC, MCTW and MCTW2) exhibit contrasting 
results with high temporal variability in δ18O that likely reflects 
varying connectivity through time and potentially different sub-
surface structure between deposits.

4.2   |   Landscape Control on Spatial Variability in 
Groundwater Movement and Connectivity

By comparing deviations from expected δ18O values (Figure 4) 
with spatial patterns of landslide deposits, we identified sub-
surface inter-catchment flow paths. Previous work in the vol-
canic and sedimentary landscapes of Oregon has demonstrated 
that water can travel considerable distances through highly 
permeable bedrock, especially in the High Cascades (Jefferson 
et al. 2006). Similarly, Nickolas et al. (2017) found that permeable 
bedrock in the Oregon Coast Range supports inter-catchment 
water movement from windward to leeward slopes. Other 
studies have emphasised how landforms such as alluvial fans, 
talus fields, and glacial moraines influence water storage and 
flow paths (Johnson, Christensen, et al. 2024; Liu et al. 2004; 
Gordon et al. 2015). Building on this work, we examine the role 
of landslide deposits in mediating interannual water storage and 
release (Swanson and Swanston 1977). Our results suggest that 
in volcanic terrain, deep flow paths allow upslope catchments 
to lose water, which then recharges downslope streams—high-
lighting the importance of subsurface hydrologic connectivity in 
small catchments.

In the McRae Creek drainage, where landslide deposits of vary-
ing size and depth are widespread (Figure 1c), isotopic evidence 
supports the presence of subsurface water transfer between 
headwater catchments. High δ18O values in MCTW2 and WS8S, 
and lower-than-expected values in S02 (Figure 4), suggest that 
precipitation and snowmelt entering high-elevation deposits 
flow through thick (5–10 m) unconsolidated material before 
emerging as surface water downstream. MCTW2 and WS8S 
drain areas where 47%–49% of the landscape is underlain by 
landslide deposits. These deposits converge at a flatter bench 
where S02 (McRae 1) is located (Figure 9b). The δ18O depletion 
in S02 indicates that a significant portion of its streamflow likely 
originates from outside the immediate catchment. The porosity 

FIGURE 10    |    Relationship between the standard deviation in 
δ18O (‰) and catchment storage in landslide deposits for earthflow-
dominated catchments. MCTW was excluded from the SLR because it is 
a large outlier in terms of catchment storage.

TABLE 3    |    Regression statistics for model of standard deviation 
in δ18O (‰) for earthflow-dominated catchments, predicted based on 
maximum catchment storage in landslide deposits (m3).

Covariate b (SE) CI 95% p RMSE

Intercept 0.1560 (0.011) [0.127, 0.185]

Max storage −1.66*10−8 
(5.13*10−9)

[−2.87*10−8, 
−4.45*10−9]

0.014 0.0203
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of the deposits—driven by high gravel content (25%–80%)—
likely facilitates preferential flow (Dyrness  1969), consistent 
with recent findings linking gravel content to increased sub-
surface transport (Zhang et  al.  2024). A similar process may 
explain the isotopic patterns in WS6S, where minimal change 
in δ18O along the stream (Figure 6), coupled with a significant 
drop in values at the outlet in August 2021, the driest survey, 
points to sustained subsurface inflow from high elevations, 
which travel through landslide deposits on the slope. In con-
trast, WS7S—which lacks upper-elevation landslide deposits—
shows δ18O values that closely match expectations based on 
elevation (Figure 4), further supporting a geomorphic control on 
connectivity.

In the Upper Lookout Creek drainage, isotopic analysis reveals 
contrasting groundwater dynamics in S05 and S06, shaped by 
deep-seated earthflows. The δ18O values are consistent in S06 
along its profile, indicating strong and continuous ground-
water input, particularly from landslide deposits at Lookout 2 
(Figure 9c). In contrast, the values of δ18O are lower at S05, il-
lustrating a shift toward values near its outlet that match those 
of S06 in both August surveys (Figure 6), suggesting localised 
groundwater inflow where the landscape flattens into a bench 
at Lookout 1 (Figure  9c). Temporal analysis further supports 
these differences: S06 maintains stable δ18O values across sea-
sons, while S05 exhibits high groundwater input at a single 
point during dry periods and a more variable isotopic signature 
during wet periods, driven by recent recharge and increased 
vertical connectivity. These differences may stem from stream 
position relative to the earthflow. S06 flows through the centre 
of thick landslide deposits, capturing more subsurface drainage, 
whereas S05 skirts the margin, potentially limiting its connec-
tion to the primary groundwater storage zone.

Elsewhere, isotopic signatures continue to reveal subsurface 
processes. Cold Creek, for instance, shows depleted δ18O values 
(Figure  5) suggestive of recharge from a high-elevation deep 
groundwater reservoir within porous lava flows along the upper 
ridge (Figure 1b). This pattern aligns with recent evidence of sig-
nificant water storage in high-elevation lava flows of the High 
Cascades (Karlstrom et  al.  2025). The findings of this study, 
though in a different landscape, support past hypotheses that 
the porous lava capping Cold Creek and the surrounding areas 
are supplying large amounts of snowmelt to the catchment. In 
contrast, Longer Creek shows minimal deviation from expected 
values (Figure  4), implying that water sources are primarily 
local. Despite both being groundwater-dominated streams, iso-
topic evidence suggests Longer Creek benefits from well-mixed 
recharge from both landslide deposits and porous lava bedrock, 
explaining the stable isotope ratios observed throughout the 
stream (Ortega et al. 2025).

4.3   |   Hydrologic Implications of Streamflow 
Regimes and Patterns of Intermittent Flow

A snapshot of summer discharge at the Andrews Forest reveals 
highly variable streamflow generation mechanisms across 
the site. Higher unit discharge in culverts within the Lookout 
Creek drainage suggests stronger groundwater influence during 
baseflow conditions compared to the McRae Creek drainage 

(Figure 9a). In particular, Longer and Cold Creeks had signifi-
cantly higher discharge than all other sites, confirming their 
role as spring-fed systems that sustain Lookout Creek baseflow 
(Segura et al. 2019; Ortega et al. 2025). Precipitation is higher 
in Upper Lookout compared to McRae, with total precipitation 
being highest along the ridges near Cold Creek (Daly 2015). This 
difference in precipitation explains some of the variability in 
unit discharge.

In S05, increasing specific discharge and isotopic variabil-
ity downstream indicate greater groundwater input in lower 
reaches, with S05 eventually reflecting the same water source as 
S06. Culverts along S06 had significantly higher unit discharge 
than S05 and most other sites measured (Figure  8a). A small 
drainage near the top of S06 (C4) had a unit discharge similar 
to Cold Creek. Despite draining a very small surface area, we 
hypothesise that the active earthflow in this landscape provides 
flow path connectivity from the surrounding landscape to this 
point in the stream network. In Nostoc Creek, downstream 
increases in discharge correspond with a higher percentage of 
landslide deposits (21%–30%) and tributaries originating in old 
slides to the north. Although more culverts were flowing in 
Upper Lookout than McRae, most were concentrated on three 
perennial streams (Nostoc, S05, S06), intersected by several 
roads. Nonetheless, perennial stream persistence was higher 
in Upper Lookout, where the landscape is more heavily gla-
ciated and the landslides are currently active (Swanson and 
Swanston 1977).

In contrast, McRae Creek's dry culverts suggest a dominance 
of intermittent streams (Figure  8), despite contributing 35%–
75% of Lookout Creek's flow during winter months (Ortega 
et al. 2025). Isotopic data suggest this flow moves through deep 
subsurface pathways in extensive landslide deposits, bypassing 
smaller channels. Even where water was present, unit discharge 
in McRae's tributaries remained low compared to other sites 
(Figure 8). McRae Creek drainages tend to be smaller than those 
along Upper Lookout, likely due to a lack of glaciation and sig-
nificant fluvial erosion. Indeed, our analysis showed that these 
smaller drainages were more likely to be dry than larger ones 
(Figure S6). The slumpier, less weathered landscape, which is 
made up of a mosaic of landslide deposits, means there is more 
subsurface storage potential, and therefore less likelihood of 
water reaching the surface. As hydrologic connectivity in the 
vertical dimension decreases as the climate transitions from 
wet to dry, these small reaches in landslide terrain lose access to 
stored water and run dry.

4.4   |   Landform Evolution and Water Storage in 
the Andrews Forest

The results of this study suggest that landslide deposits and active 
earthflows can play a large role in subsurface water dynamics, 
as well as surface–groundwater interactions. Isotopic analysis 
indicates that these deposits may promote inter-catchment sub-
surface flow through which high elevation water can emerge 
in lower elevation streams. Additionally, deposits act as storage 
units, regulating vertical connectivity between streams and 
deeper groundwater. Groundwater movement through these de-
posits appears to be linked to their volume and position in the 
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landscape. Deposits on steep terrain appear to absorb water in-
puts and transmit them downslope until slope becomes gentler 
or an impermeable clay layer is encountered (Pyles et al. 1987), 
allowing water to emerge as streamflow. While these flow paths 
are most active during wet conditions, water from storage units 
continues to be important for streamflow generation during dry 
conditions. This could point to a mechanistic understanding 
of how sustained streamflow generation from interbasin flow 
paths persists during drought conditions in some catchments 

(Fan 2019; Wang et al. 2022). A conceptual figure of this pro-
cess is shown in Figure 11. This figure illustrates the capacity 
for landslide deposits to allow for a complex series of inter- and 
intra-catchment flow paths during wet conditions. These flow 
paths move underneath topographic barriers and build up stor-
age units in the deposits. During dry conditions, these flow 
paths stop conveying water and some sections of streamflow 
dry up, while others maintain streamflow via the exfiltration of 
water stored in the deposits during the wet season.

FIGURE 11    |    Conceptual diagram of subsurface water dynamics in a landscape underlain by landslide deposits. (a) Plan view map of the catch-
ment. (b) During wet conditions, high connectivity results in significant inter-catchment flow. High elevation water recharges storage in landslide 
deposits downslope. (c) During dry conditions, inter-catchment flow paths become disconnected as connectivity decreases. Localised storage in de-
posits can continue to support streamflow in 1st–3rd order streams. Thicker landslide deposits lead to increased streamflow intermittency, especially 
in 1st order streams.
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The estimated storage potential of six different deposit land-
forms (Figure  9) represents a hypothetical maximum and the 
potential hydrologic importance of these landforms. Linear re-
gression results indicate that storage in deposits is a significant 
predictor of isotopic variability. We found that increased storage 
leads to decreased isotopic variability and therefore more con-
sistent hydrologic connectivity in both space and time. These 
results point to the role of landslide deposits in storing and re-
leasing water to surface streamflow at inter-annual timescales.

In several landforms, including Lookout 1, 2, and 3, signs of 
recent earth movement—such as tipped trees, displaced roads, 
and open ground cracks—suggest that subsurface and surface 
water flow paths may be actively shifting over decadal times-
cales. These dynamics appear to influence the hydrologic func-
tion of the deposits, with younger or actively moving landforms 
potentially exhibiting different water storage and transmission 
behaviour than older, more stable ones. We speculate that these 
functions may also evolve over time, as active periods disrupt 
drainage patterns and inactive periods allow weathering and 
subsurface flow to reshape internal structure, but we lack the 
data to disentangle these conjectures. Additionally, thick, un-
consolidated deposits can intermittently absorb stream water, 
contributing to disconnected or ephemeral stream reaches, par-
ticularly in small headwater systems. This highlights the po-
tential for landslide age and activity to influence both surface 
stream intermittency and longer-term groundwater recharge 
patterns.

5   |   Conclusion

This study highlights the critical role of antecedent moisture in 
regulating hydrologic connectivity within the Andrews Forest. 
Seasonal variations in δ18O demonstrate that moisture conditions 
strongly influence both intra- and inter-catchment variability in 
water sources. During dry conditions, hydrologic disconnection 
from more ephemeral groundwater sources leads to greater spa-
tial heterogeneity in isotopic composition. Wet conditions, on 
the other hand, promote greater connectivity throughout the 
landscape and isotopic homogenisation between catchments 
within a given year. However, inter-annual variations in pre-
cipitation vapour sources and evaporative fluxes can lead to 
large differences in overall isotopic composition of streamflow 
between years. These findings underscore the importance of an-
tecedent moisture in shaping hydrologic responses, with poten-
tial implications for understanding catchment dynamics under 
future climate variability.

Additionally, landslide deposits and geology exert strong con-
trol on groundwater movement and connectivity. Evidence 
of inter-catchment subsurface flow in the McRae Creek and 
Upper Lookout Creek drainages suggests that landslide depos-
its, permeable bedrock, and earthflows facilitate complex water 
movement beyond topographically defined catchment bound-
aries. Streams draining landslide-affected terrain exhibit vari-
able connectivity depending on moisture conditions, with some 
maintaining deep groundwater inputs during dry periods that 
are critical to flow throughout the larger basin. These findings 
align with prior research indicating that colluvial deposits and 
mass movement landforms can store and release water over 

extended timescales, influencing hydrologic connectivity across 
watersheds.

The implications of this work extend beyond the Andrews 
Forest, contributing to a broader understanding of hydrologic 
connectivity in mountainous catchments. The geomorphic 
and geologic conditions observed across the three geomorphic 
process domains in the Andrews Forest are representative of 
the Western Cascades and other mountainous terrains, sug-
gesting that these results have relevance across other regions. 
This study highlights the hydrologic significance of landslide 
terrain, emphasising the need to incorporate landslide features 
into hydrologic models. Future work should focus on scaling 
this research to quantify the effects of colluvial terrain on 
catchment water budgets. Efforts to characterise landslide de-
posits using LiDAR have been attempted, with methods such as 
the Contour Connection Method finding success (Leshchinsky 
et  al.  2015). We hope to utilise techniques such as these to 
investigate the hydrologic implications of landslide deposits 
across larger spatial scales in the Western Cascades and other 
mountainous systems.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Table S1: Catchment scale character-
istics of study streams. All data was derived from a 1-m resolution DEM* 
with values rounded to the nearest meter. Figure S1: (a) Mean snow 
water equivalent (SWE) from three meteorological stations: VANMET, 
UPLMET, CENMET (Figure 1, Daly and Rothacher 2019). (b) Mean cu-
mulative flow from Lookout Creek USGS gauge No. 14161500. (c) Mean 
cumulative precipitation from two meteorological stations (CENMET, 
UPLMET). (d) Soil moisture content (SMC) from CENMET (average of 
sensors at 4 soil depths: 10, 20, 50 and 100 cm). The dashed lines in each 
plot represent the water year mean values 2003–2023. Each plot shows 
the sampling dates with a unique icon—these dates are the final day for 
each respective sampling. Figure S2: Relationship between δ18O (‰) 
and δ2H (‰) using all stream data after evaporated samples were re-
moved (identified as samples with d-excess of less than 8). Figure S3: 
Depth of incision measurements. (a) A large mass-movement deposit 
in the McRae Creek drainage (b) Red circles represent locations where 
depth of incision was measured. (c) A cross section of the valley at a sin-
gle measurement point highlights how the measurements were taken 
to estimate deposit depth. The cross section from A−B in b is translated 
to an elevation profile in (c). Figure S4: Individual cross section mea-
surement locations of stream channel incision and deposit toe thickness 
used to estimate deposit thickness. Summary statistics for estimates 
of landslide deposit depths in Table S6. Table S2: Results of statistical 
comparison of mean δ18O (‰) between synoptic campaigns. Overall 
means δ18O (‰) were calculated for each campaign and comparisons 
were made using Kruskal-Wallis Test (H = 184.62, p = 7.58*10−39). 
Pairwise comparisons were completed using the Wilcoxon rank-sum 
test (α = 0.95). Table S3: Mean δ18O (‰) for each site, during each syn-
optic sampling campaign, with corresponding standard error. Number 
in parentheses corresponds to the sample size. Table S4: Summary of 
overall mean δ18O (‰) values for each site with standard error. Overall 
mean δ18O was calculated using all available data from synoptic sam-
pling campaigns. Sample count is shown in parentheses next to mean 
δ18O. Figure S5: Heat map showing the results of the statistical com-
parison of mean δ18O (‰) between study catchments. This analysis 
was completed using the overall mean δ18O for each catchment over 
the entire study. Kruskal–Wallis Test was used to determine if there is 
statistical differences between at least one pair of means (H = 857.20, 
p = 7.64 × 10−175). Pairwise comparisons were made using Dunn's Test 
with Bonferroni correction and the results of this are shown in the heat 
map (α = 0.95). Table S5: Slopes (‰/100 m) for the relationship between 
elevation (m) and δ18O (‰) for each site, during each sampling cam-
paign, as well as the mean slope and standard deviation of the slope. 
Figure S6: Statistical comparison of drainage areas between stream 
crossing culverts that were observed to be flowing vs. those observed 
to be dry. Statistical comparison was made using the Wilcox Rank-Sum 
test (p-value = 0.0013). Table  S6: Summary of statistics for landform 
thickness measurements. Values were calculated using individual cross 
section measurements from Table S6. Table S7: Estimates of maximum 
storage within landslide deposits for each study catchment. 
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