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Abstract

Microclimatic controls on critical zone development and ecohydrologic functions

by

Amanda M. Donaldson

The Earth’s critical zone (CZ) extends from the top of vegetation canopies to
the base of weathered bedrock. Within this region, rock meets life, as water is stored
and released to streams, groundwater and vegetation. However, understanding the com-
plex interactions between vegetation, water cycling, and bedrock weathering remains a
grand challenge in forecasting and managing freshwater resources and ecosystem health.
The research presented here is motivated by the need to more accurately quantify how
small changes in climate will alter the relationship between aboveground vegetation and
belowground water cycling and subsurface weathering. It addresses this need by utiliz-
ing a natural experiment provided by aspect, or the direction a hillslope faces, which
produces different amounts of direct solar radiation between adjacent hillslopes. Specif-
ically, pole-facing slopes (north-facing in the northern hemisphere) receive less direct
solar radiation compared to equator-facing slopes (south-facing in the northern hemi-
sphere) which often lead to distinct vegetation structures (e.g. density, composition).
Current models of how aspect mediates the relationship between vegetation, water cy-
cling and the subsurface have been limited to snow-dominated landscapes with woody
vegetation on either hillslope (e.g. trees). Furthermore, most studies have focused on
the shallow soil, owing to the difficulty to directly characterize the physical and chemi-
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cal properties of the weathered bedrock below. To overcome this limitation and explore
how microclimates regulate critical zone form and ecohydrologic function, I established
and continuously monitored Arbor Creek Experimental Catchment, a rain-dominated
catchment that is dominated by oak trees on the pole-facing slope and only has grasses
on the equator-facing slope.

In my first chapter, I investigated how the interplay between microclimates
and vegetation type (e.g. grass versus tree) regulate the timing and magnitude of
evapotranspiration (combined evaporation and plant water use). Within Arbor Creek
Catchment, I combined oak tree sapflow, grass transpiration, and soil moisture monitor-
ing with tree survey based evapotranspiration scaling, and remote sensing techniques to
quanitfy hillslope-scale evapotranspiration. My research revealed that despite receiving
less direct solar radiation, the pole-facing slope with oak trees has higher evapotranspi-
ration than warmer equator-facing slopes. This research highlights the importance of
adequately representing hillslope-scale vegetation dynamics to more accurately predict
evapotranspiration, which is the largest and most difficult component of the terrestrial
water cycle to constrain. Furthermore, these findings suggest that due to oak tree
transpiration on pole-facing slopes, the subsurface root-zone water storage deficit may
be higher (i.e. pole-facing slopes are drier) compared to the equator-facing slope with
grasses which has important consequences for groundwater recharge and streamflow
generation.

In my second chapter, I used deep drilling (6 - 40 m) to determine how differ-

ences in vegetation type (e.g. rooting structures and water use) influence the relationship
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between subsurface bedrock weathering and water storage dynamics between hillslopes
with opposing aspects. Extensive geochemical, physical and hydrologic measurements
within near-ridge boreholes on the pole-facing and equator-facing slope reveal a coupling
between the depth and extent of vadose zone water storage and bedrock weathering.
Specifically, the subsurface bedrock within the pole-facing slope has a higher degree of
chemical and physical alteration compared to the equator-facing slope. This is likely
driven by both ”bottom-up” and ”top-down” drivers including a higher degree of pro-
tolith fracturing, larger change in vadose zone water storage, and deeper extent to roots
which may promote rock weathering through root growth and enhanced microbial pro-
cesses.

Lastly, in my third chapter, I combined topographic analyses, soil pits, and
seismic refraction measurements to characterize the shallow (top 6 m) subsurface struc-
ture (e.g. thickness, porosity) from the ridge tops to the stream between hillslopes
with opposing aspects. To determine the biophysical controls on shallow water storage
and movement, I paired this physical characterization with soil moisture and transient,
perched, groundwater measurements. My research showed that the average slope, soil,
and saprolite thickness were similar between hillslopes with opposing aspects. The sim-
ilarities in slope, soil thickness and saprolite thickness may also be a consequence of
past weathering processes when this landscape was likely not precipitation-limited and
woody vegetation was dominant across the catchment. Additionally, my results show a
depth-dependent relationship between aspect and subsurface water storage. Specifically,

while the soil moisture suggested similarities in soil water storage capacity, between rain



events the pole-facing slope soil remained wetter than the equator-facing slope soil due
to less evaporative demand. However, we observed a higher occurrence of a perched,
transient, groundwater response on the grass-dominated equator-facing slope, which was
likely due to a lower root-zone storage deficit because of overall lower evapotranspiration.

Together, these dissertation chapters highlight the importance of past and
present-day vegetation dynamics to mediate the effects of microclimate on water cy-
cling and subsurface weathering. This work demonstrates the critical need to better
refine vegetation type, rooting architecture, and water use patterns within Earth sys-
tem models to more accurately predict hillslope-scale subsurface weathering and hy-
drologic processes.Furthermore, this research reveals the importance of root-zone water
storage, below the soil and into weathered bedrock, to serve as an important control on

hydrologic refugia, groundwater recharge, and ecosystem health within oak savannas.
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Chapter 1

Aspect Differences in Vegetation Type
Drive Higher Evapotranspiration on a
Pole-facing Slope in a California Oak

Savanna

This chapter is based on a manuscript in-review within the Journal of Geo-
physical Research: Biogeosciences with the following coauthors: David Dralle, Nerissa

Barling, Russell Callahan, Michael E. Loik and Margaret Zimmer.



Abstract

Quantifying evapotranspiration is critical to accurately predict vegetation health,
groundwater recharge, and streamflow generation. Hillslope aspect, the direction a hill-
slope faces, results in variable incoming solar radiation and subsequent vegetation water
use that influence the timing and magnitude of evapotranspiration. Previous work in
forested landscapes has shown that equator-facing slopes have higher evapotranspira-
tion due to more direct solar radiation and higher evaporative demand. However, it
remains unclear how differences in vegetation type (i.e., grasses and trees) influence
evapotranspiration and water partitioning between hillslopes with opposing aspects.
Here, we quantified evapotranspiration and subsurface water storage deficits between
a pole- and equator-facing hillslope with contrasting vegetation types within central
coastal California. Our results suggest that cooler pole-facing slopes with oak trees
have higher evapotranspiration than warmer equator-facing slopes with grasses, which
is counter to previous work in landscapes with singular vegetation types. Our water
storage deficit calculations indicate that the pole-facing slope has a higher subsurface
storage deficit and a larger seasonal dry down than the equator-facing slope. This
aspect difference in subsurface water storage deficits may influence subsequent deep
groundwater recharge and streamflow generation. In addition, larger root-zone storage
deficits on pole-facing slopes may reduce their ability to serve as hydrologic refugia for
oaks during periods of extended drought. This research provides a novel integration

of field-based and remotely-sensed estimates of evapotranspiration required to properly



quantify hillslope-scale water balances. These findings emphasize the importance of
resolving hillslope-scale vegetation structure within Earth system models, especially in

landscapes with diverse vegetation types.

1.1 Introduction

Differences in hillslope aspect, or the direction a hillslope faces, produce subcatchment-
scale variability in the delivery of solar radiation to the land surface, which is one of
the strongest controls on vegetation distribution and water partitioning within terres-
trial landscapes (Chorover et al., 2011; Ying et al., 2019). Equator-facing slopes (EFS;
south-facing in the northern hemisphere) with more direct solar radiation have higher
air temperature, aridity, and evaporative demand compared to pole-facing slopes (PFS,
north-facing in the northern hemisphere)(Smith and Bookhagen, 2021). Current con-
ceptual frameworks depict warmer EFS with higher potential evapotranspiration and
subsequently lower infiltration, groundwater recharge, and runoff (Garcia-Gamero et
al., 2021; Pelletier et al., 2018; Regmi et al., 2019; Webb et al., 2023). In contrast,
cooler PFS are considered to have lower potential evapotranspiration and higher in-
filtration, groundwater recharge, and runoff (Garcia-Gamero et al., 2021; Pelletier et
al., 2018; Regmi et al., 2019; Webb et al., 2023). While this current conceptual model
may provide insight into how differences in energy inputs drive hydrologic partition-
ing, it is unclear if the expected patterns are universal across diverse environments and

vegetation types (Brooks et al., 2015; Ying et al., 2019; Zapata-Rios et al., 2016).



Understanding the compounding role of variable solar radiation and plant func-
tional groups (e.g., grass, tree, shrub) is important for determining the transferability of
current expectations of hydrologic partitioning between hillslopes with opposing aspects
(Kumari et al., 2020). The current conceptual model of hydrologic partitioning within
aspect-regulated landscapes is largely based on environments where potential differences
in actual evapotranspiration (ET) due to variability in plant functional groups are not
incorporated (Pelletier et al., 2018; Regmi et al., 2019). Studies in watersheds with
similar plant functional groups (e.g., trees) have shown higher transpiration rates on
EFS compared to PFS (Bilir et al., 2021; Burns et al., 2023; Holst et al., 2010). How-
ever, there is also documented diversity in the responses of different plant functional
groups and species between aspects, which create complex patterns of vegetation water
uptake (e.g. due to differences in rooting depth) and have lesser known consequences on
subsurface water cycling (Armesto and Martinez, 1978; Gutiérrez-Jurado et al., 2013;
Hassler et al., 2018). Given the importance of vegetation water uptake in driving sub-
surface hydrologic partitioning, understanding the role of vegetation type is required to
accurately forecast water cycling patterns within Earth system models (Kumari et al.,
2020; Marston et al., 2022; Ying et al., 2019).

Here, we address these knowledge gaps by quantifying hourly to monthly ET
and shallow subsurface water storage between a grass-dominated EFS and an oak tree-
dominated PFS in central California. We combined field-based measurements of soil
moisture, oak and grass transpiration, tree survey-based scaling, and remotely-sensed

normalized difference vegetation index (NDVI) and ET to determine how hydrologic



partitioning differs between hillslopes with opposing aspects and different plant com-

munity types.

1.2 Methods

1.2.1 Site description and instrumentation

The study site (Arbor Creek Experimental Catchment; 37.393, -121.723) ranges
from 720 to 790 m above sea level and is located within the University of California
Blue Oak Ranch Reserve (Figure 1.1). This reserve is located within the Mt. Diablo
Range, 24 km northeast of San Jose, California, USA. The local climate is classified as
Mediterranean, with hot, dry summers and cool, wet winters and an average 600 mm
of precipitation mostly falling as rain between October - April (Donaldson et al., 2023).
Soils are loamy and thin (50 cm) and the dominant rock types are sandstone and shale
consistent with the Yolla Bolly Unit and the Great Valley Sequence (Donaldson et al.,
2023).

We installed a weather station (ClimaVUE50, Campbell Scientific; Logan,
Utah) at the ridge of the PFS to record precipitation at 10-min intervals from Oc-
tober 1, 2020 - September 30, 2021 (2021 water year). We excavated soil pits at each
landscape position (e.g. toeslope, mid-slope, and shoulder) on the PFS and EFS (Fig-
ure 1). We monitored soil moisture (ECHO/EC-5, Decagon, Devices Inc. Washington,
USA) every 10-min at 10 cm and 50 cm depths from winter 2020 through September

2021 (start date varied due to sensor installation).
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Figure 1.1: (a) Location of study area (yellow star) and approximate natural range of
Q. kelloggii (black shaded region), Q. lobata (red shaded region), Q. douglasii (blue
shaded region) (United States. Forest Service, 1971). Background is a Google Earth
Imagery shaded relief of topography. (b) Study site with instrumentation nests of grass
transpiration and soil moisture measurements (white), weather station (black), study
trees with sap flow sensors (colors) and tree survey extent (red line). Stream channels
are delineated in light blue; contour interval is 5 m and numbers refer to elevation in m

above sea level.

The study site is characterized as a mixed-deciduous oak savanna composed
of blue oak (Quercus douglasii Hook., Fagaceae), black oak (Quercus kelloggii, Newb.),
and valley oak (Quercus lobata, Nee), with evidence of some extent of hybridization
between species (Nixon, 2002). While oaks are largely on the PFS, grasses are across
the study site and include species from both native and non-native genera, including

Avena, Bromus, and Elymus (Pers. Comm. land steward Zachariah Tuthill).



1.2.2 Field-based transpiration measurements

We measured plot-scale, surface ET with an open-path, infrared gas analyzer
(model LI-7500, LICOR, Lincoln, Nebraska) within a chamber (0.5 m x 0.5 m x 0.5 m)
constructed of a PVC pipe frame, covered by Tefzel film with a fan placed inside for
chamber mixing (Supplementary Figure 1; (Huxman et al., 2004)). This measurement
included both evaporation from the ground surface and grass transpiration, however,
we assume that the evaporative flux is negligible, thus we refer to this measurement as
“grass transpiration” throughout the manuscript (Arnone and Obrist, 2003; Schlesinger
and Jasechko, 2014). We collected measurements weekly at each instrument nest start-
ing when the grass became active after the first rainfall (December 10, 2020) to when
the grass senescence (June 10, 2021), which represented a full grass growing season.
We averaged grass transpiration across landscape positions on the PFS and EFS to
determine hillslope-averaged grass transpiration for each measurement period. To de-
termine a weekly hillslope-averaged grass transpiration, we assumed each measurement
to be representative of the week and multiplied by 7 (number of days in the week). To
calculate total grass growing season transpiration (December - June), we summed each
hillslope-averaged grass transpiration value.

To quantify oak water use, we installed heat pulse velocity sap flow probes
(Edaphic Scientific; (Forster, 2019, 2020)) within seven mature oak trees at 1.4 m height
above ground surface (e.g., breast height) along the PFS of Arbor Creek Experimental

Catchment. We chose the instrumented oak trees to include a wide range of landscape



positions and sizes (Supplementary Table 1). We measured sap flux during the oak
tree growing season at 10 mm (outer position) and 20 mm (inner position) within the
xylem every 15-min from May - December 2021. To correct for probe misalignment
during installation, we assumed zero flow after leaf off (late December 2021) and used
a wound correction diameter of 0.2 mm (Burgess et al., 2001). To measure sapwood
thickness, we extracted tree cores using an increment borer in August 2021 and identified
a shift from translucence to opaqueness, which represented the sapwood to heartwood
transition (Quinonez-Pinén and Valeo, 2018). With these cores, we quantified wood
water content and density, which we used to convert heat pulse velocity to sap flux
(Burgess et al., 2001). We quantified the radial profile of sap flux in two ways and for the
final calculations we assume a constant sap flux across the sapwood (see Supplementary
Section 1.2 for details;(Link et al., 2014)). To calculate sap flow volumetrically, we
multiplied the sap flux by the corresponding sapwood area of the tree.

To scale oak tree sap flow measurements to hillslope-scale transpiration, we
performed cruising surveys of every oak on the pole-facing hillslope (red outline in
Figure 1b). A total of 113 trees were surveyed within the 12,550 m2 survey area, which
were used to estimate total hillslope-scale oak transpiration. We recorded the species
and diameter at breast height (DBH) for each tree (Supplementary Table 2). Trees
that forked below breast height were recorded as two individual trees. We estimated
the growing season total sap flow for the surveyed trees using a power law function
relating tree diameter to the growing season total sap flow for the instrumented trees.

We summed the total sap flow for all trees and divided it by the survey area to quantify



a hillslope-scale transpiration magnitude [mm)].

1.2.3 Remotely-sensed NDVI and ET

To explore temporal variability in vegetation greenness, we used Google Earth
Engine to extract weekly NDVI values from the mid-slope position on the PFS and
EFS using images collected from January 2017 to December 2021 on the Copernicus
Sentinel-2 mission (10-m spatial resolution). NDVI compares the intensity of reflectance
in the visible red and near-infrared spectrum to quantify vegetation greenness (Acker
et al., 2014).

We quantified ET at the mid-slope position of our study hillslopes, with
remotely-sensed ET products using Python application programming interface to ac-
cess models from OpenET (Melton et al., 2022). OpenET uses Landsat imagery to
estimate monthly ET at 30 m resolution with a variety of approaches, including surface
energy balance, Priestley-Taylor, and psychrometry (FAO, 2023)(see Supplementary 1.3
for details). A multi-model Ensemble ET estimate was calculated by OpenET based
on the arithmetic average after removing outliers using the Median Absolute Deviation
method (Leys et al., 2013; Volk et al., 2024). While we included the ET results from
all models in the Supplementary information (Supplementary Figure 3), we used the

Ensemble model for analyses in this study



1.2.4 Subsurface water storage deficit calculations

We calculated the hillslope-average soil water storage [mm]| by integrating soil
water content from the surface to the 50 cm depth. We calculated the soil water storage
deficit by subtracting the volumetric water content at each timestep from the maximum
recorded volumetric water content, assuming the maximum represents a maximum un-
saturated water content at field capacity. In addition, we compare this to an estimated
subsurface water storage deficit calculated by the total field-based ET measurements on
the EFS and the PFS.

Previous studies have shown that oak tree roots can extend beneath the soil,
into the weathered bedrock, to extract deeper water storage referred to as rock moisture
(Hahm et al., 2020, 2022; McCormick et al., 2021). To estimate this deeper storage we
calculated the total subsurface water storage deficit (i.e. soil and rock moisture) across
multiple water years, we calculated the root-zone storage deficit from October 2017
to September 2021 using statistically interpolated precipitation data (Oregon State’s
PRISM daily precipitation) and remotely-sensed ET (Ensemble model from OpenET;
described above) following the method by (Wang-Erlandsson et al., 2016) and adapted
by (Dralle et al., 2021). The method used a mass-balance approach to estimate a
root-zone storage deficit as a running, integrated difference between fluxes entering
and exiting the root zone, assumed to be precipitation and ET, respectively. Here, we
estimated the root-zone storage deficit over subsequent water years (2017-2021), where

the running deficit represents a lower-bound on the amount of ET supplied from the

10



root zone that has not been replenished by precipitation. Therefore, the root-zone
storage deficit represents the minimum amount of vegetation water uptake that is not
accounted for by precipitation (refer to Wang-Erlandsson et al., 2016; Dralle et al., 2021;

and McCormick et al., 2021 for details).

1.3 Results

1.3.1 Field-based estimates of grass and oak transpiration
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Figure 1.2: a) Daily precipitation (black) and cumulative grass transpiration for PFS
(blue) and EFS (red) slopes, b) Slope-averaged weekly grass transpiration measurements
for the PFS (blue) and EFS (red) slopes. Shaded regions are time periods with no

measurements because grasses were dormant.

The EFS consistently had higher weekly grass transpiration than the PFS
(Figure 1.2). The average grass transpiration on the EFS was 3.7 mm/week, while the
average on the PFS was 1.9 mm/week. The total growing season grass transpiration
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was 99 mm and 50 mm, on the EFS and PFS, respectively. Anecdotally, we observed
higher grass density on the EFS compared to the PFS (Supplementary Figure 1.2).
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Figure 1.3: (a) Daily sap flow (L/day) on log-scale, (b) total sap flow (L) by DBH (cm)
for each instrumented tree (colors) and surveyed trees fitted with a power-law function

(black line).

Oak tree transpiration varied across the growing season (Figure 1.3a). Oak tree
leaf development began in April (not entirely recorded due to sensor installation) and
transpiration was generally low until a rapid increase in May. Transpiration reached a
maximum in June and remained relatively constant until late August/September, when
there was a decline. In October, there was an increase in transpiration that coincided
with the first precipitation event of the fall, which lasted until December when the oak
trees went dormant (Figure 1.3a).

Average volumetric oak tree transpiration (L/day) was positively correlated
with DBH (Figure 3). For example, during oak tree peak water use (June), transpiration

varied by DBH from approximately 12 L/day (T30; DBH: 30.6 cm) to 1100 L /day (GPA;
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DBH: 108.3; Figure 1.3a). Consequently, total oak tree growing season transpiration
generally varied with DBH (Figure 1.3b). From the smallest tree to the largest tree,
the total growing season transpiration magnitude increased from 1427 L, 13433 L, 4373
L, 5078 L, 12988 L, 57962 L, and 147387 L (Figure 1.3b). The total hillslope-scale oak
tree transpiration for the entire sap flow measurement period (May - December 2021)

was 172 mm and 148 mm for the 2021 water year (May - September 2021).

1.3.2 Remotely-sensed NDVI and ET

There were annually consistent seasonal differences in NDVI values between
the PFS and EFS (Figure 1.4a). During the winter season with only grasses actively
transpiring (November - April), the EFS NDVI was on average 0.37, while the PFS
NDVI was on average 0.32. During the oak tree growing season (April - October), the
PFS had higher NDVI than the EFS with 0.39 and 0.28, respectively. During the 2021
water year, which coincided with our field-based measurement time period, the average
NDVI values on the PFS and EFS were 0.33 and 0.28, respectively.

The remotely-sensed monthly ET was always higher on the PFS than the EFS
(Figure 1.4b). During the winter, the average ET on the PFS was 41 mm/month, while
the average ET on the EFS was 21 mm/month. During the oak tree growing season,
the average ET on the PFS was 64 mm/month, while the average ET on the EFS was
29 mm/month. During the 2021 water year, the total ET on the PFS and EFS were

649 mm and 195 mm, respectively.
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Figure 1.4: (a) Weekly NDVI on PFS (blue) and EFS (red) from January 2017 - Septem-
ber 2021. (b) Ensemble monthly ET on the PFS (blue) and EFS (red) for the same
period. Timeframe of the field-based ET and soil moisture measurements are shaded in

yellow.
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1.3.3 Subsurface water storage deficit

During the 2021 water year, the timing and magnitude of field-calculated soil
water storage depletion varied by season between hillslopes with opposing aspects (Fig-
ure 1.5b). There was higher subsurface water storage depletion on the EFS during the
winter season, when grasses were active (January - April, Figure 2). In contrast, during
the summer, the EFS had negligible soil water depletion, while there was considerable
soil water storage depletion on the PFS with active oak trees (Figure 1.5b). At the end
of the summer (September), there was a slightly lower cumulative soil water storage
deficit on the EFS (94 mm) than the PFS (104 mm). In comparison, field-based ET
measurements for the 2021 water year (October 2020 - September 2021) were used to
calculate a subsurface storage deficit of 99 mm on the EFS (i.e. total grass transpiration)
and 198 mm on the PFS (i.e. total grass and oak tree transpiration).

Across the 2017 - 2021 water years, the remotely-sensed root-zone storage
deficits between the PFS and EFS showed contrasting behavior. Despite variability in
precipitation magnitude, the root-zone storage deficit on the EFS (average 110 mm;
standard deviation = 84 mm) was replenished each year (i.e. returned to zero; Figure
1.6). In contrast, on the PFS, the root-zone storage deficit was not annually replenished
and increased from 534 mm at the end of water year 2017 to 1608 mm at the end of

water year 2021.
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Figure 1.5: (a) Daily precipitation, (b) Field observations of slope-averaged soil water
storage deficit within the top 50 cm from January - September 2021 on the PFS (blue)

and EFS (red).

1.4 Discussion

1.4.1 Oak and grass transpiration in rain-dominated mediterranean

climates

During water year 2021 (October 1 - September 30) the average ET within Ar-
bor Creek Experimental Catchment ranged between 149 mm (field-based measurements)
and 422 mm (remotely-sensed measurements). We interpret this range to represent a
possible lower and upper bound on ET (see Section 1.4.3), which encompasses other
reported ET values in California oak woodlands (Baldocchi et al., 2021; Lewis et al.,
2000; Ma et al., 2020). Regardless of method, the majority of ET contributions were

from the oak tree dominated PFS.
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Extensive research quantifying and partitioning ET between oak and grass
water use has been done within the Sierra Nevada, CA foothills dominated by blue
oaks. For example, (Lewis et al., 2000) estimated an annual average ET of 364 mm
over a 17 year period using a water balance approach. Over a similar time period,
Baldocchi et al. (2021) used eddy flux towers to show that evaporative fluxes were
higher within an oak savanna (420 4+ 58.2 mm), compared to a nearby annual grassland
(315 £+ 37.7 mm). Within the same field site, Ma et al. (2020) combined nested eddy
flux towers and partitioning models to determine that within the oak savanna, oak and
grass transpiration contributed approximately 281 mm and 67 mm, respectively. These

studies demonstrate the range of ET in oak savannas and highlight the need for more
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research across different environmental conditions to identify the mechanistic controls
on oak water use.

Outside of the Sierra foothills, there has been limited research quantifying oak
woodland ET and the role of ET on subsurface water storage deficits. A notable excep-
tion includes work by (Hahm et al., 2022) that investigated blue oak transpiration and
vadose zone storage dynamics within northern California. They reported that the mean
annual ET at this site was 332 mm between 2001 and 2018 (Breathing Earth System
Simulator; Ryu et al., 2011). By combining sapflow sensors and borehole hydrologic
monitoring, they demonstrated that oak water use during the dry growing season was
sustained by rock moisture below the soil (Hahm et al., 2022). However, while the
authors describe the landscape as “aspect-regulated with negligible woody-vegetation
on EFS.” the authors do not include information about the differences in oak and grass
water uptake that drive subsurface water storage depletion.

In alignment with this study, our field-based and remotely-sensed estimates of
ET suggest that soil water storage is insufficient to sustain oak tree transpiration during
the summer. In addition, previous studies within Arbor Creek Experimental Catchment
have shown that groundwater during the summer is depleted below 5 m (Donaldson et
al., 2023), suggesting that oak transpiration is likely reliant on rock moisture on the PFS.
Therefore, our research contributes to a growing body of literature that demonstrates

the ecohydrologic importance of rock moisture for oak tree health.
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1.4.2 Ecohydrologic implications for higher ET on PFS

The magnitude and timing of vegetation water uptake exerts a strong control
on subsurface water storage and movement (Li et al., 2018; Sadayappan et al., 2023).
In both the field-based estimates and remotely-sensed estimates of subsurface storage
deficits, we observed higher subsurface water storage deficits on PFS compared to EFS.
It is likely oak tree water uptake from rock moisture may limit groundwater recharge
and streamflow generation on PFS (Dralle et al., 2023). Under these conditions, we
hypothesize that groundwater recharge and streamflow contributions may be higher on
EFS, which is contrary to existing conceptual models of water partitioning between
hillslopes with opposing aspects (Pelletier et al., 2018; Regmi et al., 2019; Webb et al.,
2023). Future field work utilizing deeper measurement tools, such as a neutron probe
or other geophysical tools, will be used to validate the derived estimates of subsurface
water storage and test this hypothesis.

In water-limited and rain-dominated landscapes, variability in root-zone stor-
age deficit is a strong control on the spatial distribution of ecosystem resilience to
disturbances, such as drought (Callahan et al., 2022). Our results suggest that multiple
consecutive years of low precipitation inputs may exacerbate root-zone water storage
deficits on PFS. During multi-year droughts, consistently high root-zone storage deficits
on PFS may cause oak trees to be more susceptible to mortality (Ackerly et al., 2020;
Brown et al., 2018; Kueppers et al., 2005). In comparison, even in relatively low precipi-

tation years, subsurface water storage is replenished on the EFS. This finding highlights
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an important question: why aren’t there oaks on the EFS with a lower subsurface water
storage deficit? We hypothesize that the absence of oak trees on EFS may be driven by
higher air temperature, higher vapor pressure deficits, and lower shallow soil moisture
that may limit oak seedling survival, despite potentially higher water availability below
the soil (Nudurupati et al., 2023; Swiecki and Bernhardt, 1998). These findings high-
light the importance of adequately representing plant functional group distributions and
water uptake patterns through time to accurately refine water balances within aspect-
regulated landscapes (Istanbulluoglu and Bras, 2005; Nudurupati et al., 2023; Ying et

al., 2019; Zhou et al., 2013).

1.4.3 Multi-tool approaches to quantify oak savanna ET

An accurate quantification of hillslope-scale ET is essential for sustainable
water resource management in the face of a changing climate, but it remains one of
the biggest challenges within the ecohydrologic sciences (Brooks et al., n.d.; Marston et
al., 2022; Ying et al., 2019). Through the advancement of field-based techniques and
remote-sensing technology, the ecohydrology community is entering an exciting frontier
where we can combine approaches and provide water resource managers with more
accurate ET estimates (Volk et al., 2024). However, each method to quantify plant
water uptake includes a suite of benefits and limitations that must be considered.

Field-based measurements using sap flow sensors can directly characterize bio-
logically mediated plant-water uptake across diverse environmental conditions (Poyatos

et al., 2021). In addition, sap flow sensors can provide high temporal resolution (e.g.,
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minutes) data, which allows for a more robust characterization of transpiration patterns
compared to remote sensing, which typically reports ET on daily to monthly time in-
tervals (Melton et al., 2022; Link et al., 2014). However, sap flow measurements often
produce a conservative estimate of ET and can be time consuming, expensive, limited
in scope, and require substantial field expertise (Kostner et al., 1998). For example, re-
installations early in the growing season due to probe misalignment hindered our ability
to quantify transpiration in April 2021, which suggests our hillslope-scale transpiration
values are underestimates. In addition, the relationship between DBH and sap flow may
vary across stand structure (e.g. density, species, age) and the relationship between sap-
wood area and DBH may vary across the oak genus (Forrester et al., 2022; Schoppach et
al., 2021, 2023). This highlights the importance of well-thought-out field-based studies
to identify how stand structure influences sap flow to better constrain oak transpiration
from the individual tree to hillslope-scale.

Remotely-sensed estimates of ET come with their own unique set of benefits
and limitations (FAO, 2023). On the one hand, remotely-sensed ET data provides
information at large spatial-scales, takes minimal time for a user to acquire, and is
readily comparable between diverse landscapes and different ET models (Melton et
al., 2022). On the other hand, individual ET models have known, difficult-to-resolve
biases that inhibit their use within upland landscapes (Wang et al., 2022; Zhao and
Li, 2015). For example, most remotely-sensed models within the OpenET ensemble
do not include a correction for complex terrain (e.g., slope, aspect). The ET models’

inability to correct for aspect-driven differences in solar radiation may contribute to the
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unexpected higher ET during the winter on the PFS despite higher field-based ET on
the EFS (https://openetdata.org/known-issues/; last accessed Jan 9, 2023). Therefore,
we interpreted the ensemble ET to represent an upper bound of ET and highlight the
need for more remotely-sensed ET models to incorporate corrections for variable terrain
indices (e.g., slope, aspect) and vegetation phenology. Given that each approach has its
limitations and produces a range of ET values, a more holistic and accurate approach

to quantifying E'T dynamics should include multiple methods in tandem.

1.5 Conclusion

A commonly used conceptual model of ET, hydrologic partitioning, and land-
scape evolution between hillslopes with opposing aspects is based on landscapes with
similar plant functional groups (e.g., trees)(Pelletier et al., 2018; Riebe et al., 2017).
This conceptual model assumes that a larger energy input on EFS will induce a higher
evaporative demand, increase transpiration rates, and drive higher annual ET on EFS
compared to PFS (Pelletier et al., 2018). However, these studies do not account for the
potential confounding influence of distinct vegetation communities on hillslopes with
opposing aspects. In the Arbor Creek Experimental Catchment, we observed that our
PFS had higher annual ET due to oak tree water uptake, compared to the equator-
facing hillslope with only grasses. Higher ET on PFS contributed to higher subsurface
water storage deficits through time. Our work reveals the importance of accurately rep-

resenting vegetation types and phenology at the scale of individual hillslopes to better

22



estimate ET and subsurface hydrologic partitioning.
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1.7 Supplementary Materials

1.7.1 Grass transpiration methods

We measured water fluxes with an open-path, infrared gas analyzer (model
LI-7500, LI-COR Inc., Lincoln, Nebraska) within a chamber (0.5 m x 0.5 m x 0.5 m)
constructed of a PVC pipe frame and covered by Tefzel film with a fan placed inside
to maximize chamber mixing (Supplementary Figure 1.7) (Huxman et al., 2004). We
started data collection approximately 30 seconds after the chamber was secured flat on
the ground surface to ensure no leakage from the chamber; each measurement lasted
for approximately 90 seconds. We determined water fluxes by plotting the 1-second
water flux accumulation measurements over the 90-second period. The slope of the
change in concentration (mg/m3/s) was converted into a flux (mmols/m2/s) by using

the following equation:

chamber volume
(Slope X chamber area )

Fl Is/m? /5] =
ux[mmols/m~/s] molecular weight of HoO x 1000
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where the chamber volume was 0.125 m3, the surface area was 0.25 m2, and the molec-
ular weight of H20 was 18 g/mol.

We assumed the surface plot-scale estimates of water fluxes represent only grass
transpiration but we acknowledge that these measurements also include evaporative
fluxes. We believe this assumption is reasonable because transpiration has been shown to
be the largest component of ET (Schlesinger & Jasechko, 2014). However, the reported
grass transpiration measurements likely represent an upper bound or may overestimate

grass transpiration due to variability in grass density (Supplementary Figure 1.8).
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Figure 1.7: Annotated image of the constructed chamber to measure grass transpiration

within Arbor Creek Experimental Catchment.

Figure 1.8: Image showing relatively higher grass density on the equator-facing slope

compared to the pole-facing slope in March 2023.
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1.7.2 Sapflow methods

Sap flux is known to vary radially through the sapwood but the radial profile
is difficult to constrain. Here, we tested two possible radial flux profiles (1) constant sap
flux across the sapwood based on the position with the maximum sap flux. The outer
sapwood position typically had a much higher sap flux compared to the inner sap flux
and was used to calculate volumetric sap flow (except T06 and T05). T06 had relatively
similar sap flux between the inner and outer positions; therefore the outer position was
used for the calculation for consistency. T05 had a higher inner position sap flux which
was attributed to probe installation error. Specifically, the sap flow sensor may not have
been installed deep enough beyond the bark. (2) Average sap flux between the outer
and inner position which represents a linear decline in sap flux from the outer to inner
position.

There are several limitations and assumptions made in converting heat-pulse
measurements to hillslope-scale ET. Previous studies have noted that sap flow measure-
ments can underestimate tree transpiration by as much as 35% (Steppe et al., 2010).
Underestimates of transpiration may be due to wounding effects from sensor installation
or probe misplacement in less functional xylem within the ring-porous oaks (Burgess et
al., 2001; Burns et al., 2023; Miller, 1980). In addition, we had variable data coverage
in April due to sensor installation, therefore the calculations of total tree sapflow begin
on the earliest date with uniform data coverage (May 1st) which also contributes to

an underestimate of total transpiration. By including two types of calculations, one
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based on the maximum sap flux and another based on the average sap flux, we provide

a possible range of sap flow.

Table S1. Study tree characteristics

. Sapwood

TreeID DBH (cm)  Species thickness (cm)

T30 30.6 blue oak 4.9

TO6 36.3 valley oak 6.6

TO5 38.5 black oak 3.5

T26 425 black oak 45

T19 60.2 black oak 4.8

TBB 84.1 blue oak 5.8
TGPA 108.3 blue oak 5.8
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Table S2. Hillslope-scale tree survey characteristics

Tree count Species DBH (cm) Tree count (cont.) Species (cont.) DBH (cm, cont.)

1 blueoak  99.57 57 black oak 30.73
2 black oak  59.69 58 black oak 4242
3 black oak  118.11 59 black oak 25.15
4 black oak  90.93 60 black oak 26.42
5 black oak  82.55 61 black oak 32.77
6 black oak  74.93 62 black oak 37.85
7 blue oak  42.42 63 black oak 33.02

8 blueoak  36.32 64 black oak 33.53
9 blueoak  44.70 65 black oak 33.78
10 blueoak  39.12 66 black oak 43.18
11 valley oak  138.18 67 black oak 61.21
12 black oak  49.53 68 black oak 35.56
13 black oak  72.14 69 black oak 44.20
14 black oak  68.58 70 blue oak 16.51
15 blue oak  46.99 71 blue oak 14.73
16 blueoak  46.74 72 blue oak 55.12
17 blue cak  54.61 73 blue oak 47.75
18 blueoak  30.48 74 blue oak 34.80
19 blueoak  63.50 75 blue oak 61.47
20 bluc oak 2921 76 blue oak 44.96
21 blue oak  60.71 77 blue oak 31.75
22 blueoak  60.20 78 blue oak 17.78
23 blue oak  50.55 79 blue oak 63.25
24 blueoak  76.96 80 blue oak 46.99
25 blue oak  68.33 81 blue oak 3048
26 black oak  63.50 82 black oak 96.52
27 black oak 3048 83 black oak 49.28
28 blueoak  52.58 84 black oak 61.21
29 blueoak  74.17 85 black oak 57.66
30 blueoak  50.55 86 black oak 46.23
31 blueoak  17.78 87 black oak 46.99
32 blueoak  19.05 88 black oak 35.56
33 blueoak  57.15 89 black oak 52.58
34 blue oak  109.22 90 black oak 83.06
35 blue oak  83.82 91 black oak 46.23
36 blueoak  79.25 92 black oak 56.39
37 black oak  43.18 93 black oak 33.78

38 black oak  26.16 94 blue oak 46.48
39 black oak  46.74 95 black oak 96.27
40 blueoak  53.34 96 black oak 63.25
41 black oak  50.04 97 blue oak 39.12
42 black oak  38.10 98 black oak 38.86
99

43 black oak  45.72 black oak 34.29
44 black oak  59.44 100 black oak 36.83
45 black oak  28.70 101 black oak 43.94
46 black cak 2921 102 black oak 32.77
47 black oak  30.23 103 black oak 34.04
48 black oak  27.43 104 black oak 45.47
49 black oak  23.62 105 black oak 46.99
50 black oak  28.70 106 black oak 26.42
51 black oak  41.66 107 black oak 76.71
52 black oak  43.94 108 black oak 31.59
53 blue cak  31.75 109 black oak 49.78
54 blue cak  59.69 110 black oak 31.34
55 valley oak  36.32 111 black oak 49.28
56 black oak  31.75 112 black oak 44.96

113 black oak 43.94
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1.7.3 OpenET methods

The OpenET ensemble model includes five satellite-derived ET model inputs
after the removal of outlier values (FAO, 2023). It should be noted that the SIMS
model in OpenET (which is the only model that explicitly includes measurements of
plant phenology through NDVI) is only developed for croplands, so it was not available
within the OpenET ensemble for Arbor Creek Experimental Catchment (Volk et al.,
2024). A detailed comparison of the differences, limitations and benefits of each model
is outlined in literature developed by the Food and Agriculture Organization (FOA,
2023). Here, we provide a brief overview of model approaches.

Within the OpenET framework there are three ET models included based on
a surface energy balance approach: geeSEBAL (Surface Energy Balance Algorithm for
Land developed within the GEE environment; (Laipelt et al., 2021) DisALEXI (The Dis-
aggregated Atmosphere — Land Exchange Inverse (Anderson et al., 2018) and eeMET-
RIC (Mapping ET at high Resolution with Internalized Calibration; (Allen Richard
G. et al., 2007). The surface energy balance approach derives ET indirectly from the
components of net radiation including the soil heat flux, latent heat flux and sensible
heat flux.

In addition, there is one ET model based on the psychrometric approach,
SSEBop (The Operational Simplified Surface Energy Balance; (Senay et al., 2017), and
one model based on the Priestley-Taylor approach, PTJPL (The Priestley — Taylor

ET (Fisher et al., 2008). The psychrometric approach differs from the surface energy
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balance approach in that it does not solve for all components of the energy balance such
as the sensible and soil heat flux. Instead this method uses a psychrometric constant
for the air derived for the location and day of year that is adapted as a “surface”
psychrometric constant (FOA, 2023). Lastly, the Preistley-Taylor approach determines
actual ET from two primary components: setting an upper boundary of the ET flux
and a set of eco-physiological constraining functions, reducing potential ET to actual

ET (FOA, 2023).

1.7.4 Sapflow results

As expected, the total individual tree sap flow was lower when calculated
based on the average sap flux compared to the assumed constant maximum sap flux
across the sapwood (Supplementary Table 3). Therefore, the total hillslope-scale oak
transpiration was 124 mm (average sap flux method) compared to 172 mm (maximum
sap flux method). However, regardless of method, the relationship between DBH and
total tree sap flow and the main conclusion of higher total ET on the pole-facing slope

compared to the equator-facing slope remained true.

Table $3. Comparison of tree total sapflow between calculation methods
Tree ID Total Average Sapflow (L) Total Maximum Sapflow (L)

TOS 3515 4273
T06 13728 13433
T19 9410 12988
T26 2935 5078
T30 864 1427
TGPA 13728 147387
TBB 97461 57962
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1.7.5 Open ET results

Across all models (excluding eeMetric) the pole-facing slope has higher ET
than the equator-facing slope (Supplementary Figure 1.9). Based on the timing and
magnitude of ET reported by the eeMetric ET model, it is likely not accurate within
Arbor Creek Experimental Catchment, may be flagged as an outlier within the filtering
process and excluded from the Ensemble ET model calculation. However, at this time it
is not possible to systematically extract which models are included within the Ensemble

ET model with the OpenET API (Pers. Comm. Open ET developer team).
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Chapter 2

Subsurface Weathering and Vadose Zone
Water Storage Between Hillslopes with

Opposing Aspects

This chapter reflects a manuscript in-prep with the following coauthors:

Nerissa Barling, Russell Callahan, Daniella Rempe and Margaret Zimmer.
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2.1 Abstract

Subsurface weathering mediates water cycling, slope stability, nutrient avail-
ability, and ecosystem productivity. However, relative to the shallow soil layer, the
relationship between aboveground microclimates and vegetation patterns to subsurface
bedrock weathering remains largely unknown. Here, we quantify subsurface weathering
and vadose zone water cycling with a central coast California catchment with distinct
incoming solar radiation and vegetation between aspects. We utilized deep drilling (6
- 40 m) and downhole hydrologic monitoring to characterize how the weathered profile
relates to water storage and vegetation water uptake within a landscape dominated by
sandstone. We observed a higher extent of weathering and a larger dynamic storage
zone within the cooler pole-facing slope composed of oak trees relative to the warmer
equator-facing slope with only grasses. Deep drilling observations and measurements
of chemical weathering and matrix porosity suggest nested weathering fronts with the
highest degree of weathering within the shallow subsurface due to the effect of biotic
and hydrologic processes. The shallowest weathering front occurs at a sharp depletion
of Na, Mg, P, and Mn within the saprolite. This zone aligns with the depth of high
matrix porosity, low mechanical strength, and the dynamic storage zone. In addition,
we observed evidence of weathering patterns likely due to past vegetation distributions
with trees on either hillslope and elevated water table within the cooler and wetter
Pleistocene. Our findings indicate clear evidence for the impact of both present-day

and past microclimate and vegetation to mediate hillslope-scale weathering processes.
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2.2 Introduction

The subsurface critical zone, which extends from the Earth’s surface down to
fresh bedrock, regulates the transport and storage of water, carbon, energy, and nu-
trients that are essential to sustain life (Maher and Chamberlain, 2014; Moravec and
Chorover, 2020; Rasmussen, Troch, et al., 2011). The subsurface critical zone structure
can be delineated by the soil, saprolite, weathered bedrock and fresh bedrock based
on spatially heterogeneous properties including porosity and chemical composition (S.
L. Brantley, Lebedeva, et al., 2017; S. L. Brantley and Lebedeva, 2021). Subsurface
water storage and fluxes mediate the subsurface critical zone structure through chem-
ical weathering (Lebedeva and Brantley, 2013, 2020; Rempe and Dietrich, 2014). As
chemically reactive meteoric water travels through the subsurface it dissolves and pre-
cipitates minerals, thereby influencing subsurface porosity and permeability (Navarre-
Sitchler et al., 2015). The resulting chemical dissolution and increased rock pore space
may enable a faster rate of water movement and reduce the rock mechanical strength,
making it more susceptible to additional subsurface weathering (Maher, 2010; Maher
and Navarre-Sitchler, 2019). While the role of water fluxes is widely recognized as an
important component of subsurface weathering, it remains unclear how contemporary
hydrologic fluxes correspond to chemical weathering patterns that develop over geologic
timescales (Wang, Chen, et al., 2021; White et al., 1998). This is largely driven by
the challenges associated with the cost and maintenance of detailed subsurface criti-

cal zone studies. The scientific community’s inability to understand the relationship
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between water cycling and subsurface weathering hinders Earth’s system models from
accurately predicting how shifts in subsurface water fluxes will influence critical zone
evolution and function (Li et al., 2021; Sullivan et al., 2020).

Conceptual and numerical models for the co-evolution of the weathered profile
and water cycling have commonly been developed from study sites dominated by igneous
or fine-grained sedimentary rocks such as granites and shales (Gu et al., 2020; Holbrook
et al., 2014; Wang, Chen, et al., 2021). Within these systems, the slow drainage of
chemically-equilibrated groundwater within hillslopes has been proposed as one hydro-
logic mechanism driving the lower bound of chemical weathering (i.e. the weathering
front; (Rempe and Dietrich, 2014; Sullivan et al., 2016). Above the water table, the
subsurface critical zone structure has been delineated by nested reaction fronts which
are suggested to be driven by the chemical evolution of meteoric waters along hydrologic
flowpaths (S. L. Brantley et al., 2013; Pedrazas et al., 2021). However, limited data
exist to investigate how subsurface water storage and movement correspond to chemi-
cal weathering within coarse-grained sedimentary rocks such as sandstone, which is an
important lithology for regional-scale water storage and geoengineering (Bjgrlykke and
Jahren, 2015; Rahman et al., 1995). A better understanding of the interplay between
water cycling and chemical weathering is critically needed to assess the transferability of
these models to landscapes with differing rock types, which is essential to better predict
key Earth surface processes such as landscape evolution, biogeochemical cycling and
ecosystem productivity (Li et al., 2021; Sullivan et al., 2020).

Quantifying the sensitivity of subsurface weathering patterns to water move-
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ment and storage are essential to predicting how future changes in climate will affect
feedbacks between geomorphic, biogeochemical, and hydrologic processes (Rasmussen,
Brantley, et al., 2011; Raymond, 2017; White and Blum, 1995). Aspect, or the di-
rection a hillslope faces, produces small-scale variability in incoming solar radiation,
which provides a natural experiment to investigate the climatic controls on water cy-
cling and subsurface weathering (Chorover et al., 2011; Regmi et al., 2019; Smith and
Bookhagen, 2021). Specifically, on pole-facing slopes (north-facing slopes in the north-
ern hemisphere), there is less direct solar radiation compared to equator-facing slopes
(south-facing slopes in the northern hemisphere) which leads to denser vegetation, higher
infiltration rates, and higher shallow soil water storage (Pelletier et al., 2018; Ying et
al., 2019). Given the difficulty to obtain direct samples from the subsurface below the
soil, studies that quantify how differences in aspect have impacted subsurface weath-
ering patterns largely rely solely on geophysical methodologies ( with some exception
including Hall et al., 2005; Pedrazas et al., 2021). From these geophysical surveys, pole-
facing slopes are often characterized as having a thicker weathering extent compared to
equator-facing slopes (Befus et al., 2011; Nielson et al., 2021; Wang, Nyblade, et al.,
2021). However, this is not always the case, where recent studies have shown a similar
regolith thickness between aspects or even a thicker regolith on equator-facing slopes,
which is opposite of expectations (A. M. Donaldson et al., 2023; Hudson Rasmussen et
al., 2023; Leone et al., 2020). These deviations from expectations highlight the need
for more direct sampling and quantification of subsurface weathering to better under-

stand the mechanistic biogeochemical and ecohydrologic processes that are responsible
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for variations in critical subsurface structure.

Here, we utilize a catchment where aspect drives differences in microclimates
and vegetation to explore the relationship between subsurface water cycling and chemi-
cal weathering in central California hillslopes underlain by sandstone-dominated lithol-
ogy. Specifically, using drilled boreholes, we combine bulk geochemistry and matrix
porosity measurements of the weathered profile with neutron probe surveys of rock
moisture to investigate how variability in vegetation and water cycling influence the

subsurface critical zone structure.

2.3 Methods

2.3.1 Site description

Arbor Creek Experimental Catchment, here referred to as Arbor Creek catch-
ment, is a small headwater catchment (0.04 km2) that contributes to a first-order in-
termittent stream within Blue Oak Ranch Reserve (University of California Natural
Reserve System). Arbor Creek catchment is located in central coast California approx-
imately 24 km east of San Jose, California, USA (Figure 1) and spans elevations from
720 to 790 m above sea level. Arbor Creek catchment and the greater Blue Oak Ranch
reserve is situated on the ancestral unceded tribal lands of the present day Muwekma
Ohlone Tribe of the San Francisco Bay Area.

This region experiences a Mediterranean climate characterized by warm dry

summers and cool wet winters. The mean annual air temperature and annual precip-
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Figure 2.1: Arbor Creek Experimental Catchment delineated in red with stream chan-
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itation between 1981 and 2022 was 14.3 degrees C and 397 mm respectively (PRISM
Climate Group, 2022). Arbor Creek catchment is classified as oak savannas with aspect-
regulated vegetation distributions. Arbor Creek catchment is dominated by blue oak
(Quercus douglasii), black oak (Quercus kelloggii) and valley oak (Quercus lobata) with
other hardwood species including California bay laurel (Umbellularia Californica) and
California buckeye (Aesculus californica) present at lower elevations. Potential evap-
otranspiration exceeds precipitation for most of the year with greatest actual evap-
otranspiration during the spring-early summer, which is determined by the seasonal
phenology of the deciduous oak trees (Donaldson et al., in-review). Understory includes
herbaceous ground cover with species from both native and non-native genera, including
Avena, Bromus, and Elymus. Oak tree species dominate on the pole-facing slope with
the herbaceous ground cover present on the pole- and equator-facing slopes.

Arbor Creek catchment’s steep slopes (24°) are thinly mantled with soil (30-
80 cm) and lack systematic differences (e.g., soil texture, depth) between the pole-
facing and equator-facing slope (A. M. Donaldson et al., 2023). Geographically, Arbor
Creek Catchment is situated within the Mt. Diablo Range. Based on localized outcrop
observations, the catchment is underlain by the coarse-grained metagreywacke sandstone
with interbeds of shale that is situated within the larger Franciscan complex. Based on
previous geochemical studies, source rock includes volcanic and plutonic rocks from the

southern Sierra Nevadas (Surpless, 2015).
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2.3.2 Drilling, standard penetration tests and borehole completion

To relate the physical and chemical characteristics of the critical zone to vadose
zone water storage, we drilled four boreholes within the study site (Figure 2.1). Borehole
locations were limited to the near-ridge and ridge top locations to due drill rig constraints
and were drilled using a combination of standard penetration testing (SPT), augering,
split-spoon sampling, and diamond core rotary techniques.

On the ridge top positions of the pole-facing slope (N4W1) and equator-facing
slope (S3W1), the drillers first used SPT, which is a measure of mechanical strength
of the material, to advance through the weathered profile. The depth to SPT refusal
indicates the depth to which drillers transition in drilling styles from SPT to coring
because borehole collapse is no longer a risk; demonstrating a relatively high in-situ
mechanical strength. After SPT, the drillers advanced through the material with a
bullet bit to dry auger, set the grout casing to secure, and then used a diamond-bit to
core and recover samples from deeper depths. Below the shallow grout casing, the small
air gap between the borehole wall and the PVC was not filled. NAW1 was drilled to a
depth of 40.8 m and S3W1 was drilled to a depth of 27.7 m.

The boreholes, at the near-ridge position of the pole-facing slope (N3W1) and
equator-facing slope (S2P1) were completed using SPT and dry-augering only, there-
fore no core was recovered. N3W1 and S2P1 were drilled to 12 m and 6 m. Within
N3WI1, the small air gap between the borehole wall and the 3-inch PVC was not filled.

However, within S2P1, a 2-inch PVC was used therefore the air gap was filled with
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polyurethane foam which has previously been shown to not interfere with downhole
geophysical methods (Personal Comm. Dr. Daniella Rempe). To prevent ponding, all

borehole well heads were constructed with outward sloping concrete.

2.3.3 Core characterization, matrix porosity and geochemistry

Callahan et al. (in-review) used drilling observations and oxidation presence
and fracture density of the retrieved core to identify four weathering interfaces within
N4W1 and S3W1. Here, we build on those observations with detailed physical and
geochemical analyses to investigate the relationship between vadose zone water cycling
and the critical zone structure. Within NdW1 and S3W1, we sampled and then dried and
stored at air temperature rock chips, cuttings and recovered core samples for detailed
physical and geochemical analyses. Specifically, we analyzed rock samples for porosity,
total elemental concentrations, sulfur concentrations, and mineral composition.

We quantified the rock matrix porosity for 16 samples within N4AW1 and 17
samples with S3W1. We measured matrix porosity within competent rock chips or
when bedrock core was recovered we broke off small pieces of the core for analyses. To
measure the rock matrix porosity, we used a helium pycnometer (Micromeritics AccuPyc
IT 340 Gas Pycnometer) and an envelope density analyzer (Micromeritics GeoPyc 1360
Envelope Density Analyzer) to obtain skeletal and envelope volume, respectively. The
skeletal volume, or “absolute” volume includes the solid portion of the sample but
excludes the volume of the open pore spaces. The skeletal volume is measured by a

helium gas displacement method using the volume-pressure relationship of Boyle’s Law.
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In comparison, the envelope volume, or “bulk” volume includes the solid portion of
the sample and all pore spaces (both open and closed). The GeoPyc Envelope Density
Analyzer uses a quasi-fluid that does not fill the sample’s pore spaces nor does it get
the sample wet. From these volume measurements, we calculated the absolute density
and bulk density and then differentiated between the two densities to achieve porosity
values.

We sent 55 samples from S3W1 and 84 samples from N4W1 for geochemical
analyses to Actlabs (Canada). Samples were dried, crushed, then pulverized and passed
through a 140-mesh sieve. Samples were heated to measure loss on ignition and then
further analyzed rock samples for total elemental compositions using lithium-borate
fusion inductively coupled plasma emission spectroscopy (instrument model: Spectro
Ciros/Arcos). A subset of samples were analyzed for sulfur concentrations using a IR
Carbon Sulfur Analyzer (detection limit = 0.01%). To assess the mineral composition
of rock cores, we sampled from four depths within N4W1 and S3W1 and used a Rigaku
SmartLabTM X-ray diffractometer (XRD) at a scanning rate of 0.75 deg/min at the
University of California, Santa Cruz. To determine the primary minerals, we visually
aligned major peaks of the XRD results to a publicly available database containing
confirmed XRD data for minerals (The RRUFF™ Project).

To characterize chemical weathering patterns with depth, we tracked gains
and losses of individual elements relative to the concentrations of chemically immobile
elements (e.g. Zr, Ti) within the parent material, expressed as 7(tau) for individual

elements (Brimhall et al., 1988). We defined the geochemistry of the parent material
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from 6 unweathered bedrock sandstone samples deeper than 25 m within S3W1 and 4
unweathered bedrock sandstone samples deeper than 39 m within N4W1. We used Ti
as the immoble reference element. Under the assumption that the parent material is
representative of the weathered material, this “mass-transfer coefficient” expresses the
fractional mass loss of an element relative to the amount that element was present in
parent material (Equation 1). Where, X is the element of interest, I is the concentra-
tion of the immobile element, and the subscripts regolith and protolith refer to the type
of material which elemental concentrations are measured in (Equation 1). For exam-
ple, A 7x value of -0.1 indicates a 10% decrease in an element relative to the initial

concentration of that element in the parent material.

Xregolith Iprotolith .

1 (2.1)

Ty =
X, protolithI regolith

2.3.4 Vadose zone hydrologic monitoring

To quantify unsaturated zone water content, we measured neutron counts in
0.25 m intervals within N4AW1, N3W1, S3W1 and S2P1 during the winter and summer
in 2023 (Figure 2.1; Instrotek CPN 503 H320306484). Measured changes in neutron
probe counts indicate temporal changes in subsurface volumetric water content above
the water table (Long and French, 1967). Here, we report the magnitude of subsurface
volumetric water content change during the 2023 water year by subtracting neutron
counts from a dry survey (measurement date October 18, 2023) from neutron counts of

a wet survey (measurement date March 24, 2023). At the time of the wet survey, 925

56



mm of the total 994 mm of precipitation had fallen for 2023 water year. At the time of
the dry survey measurement, there had been 5 months with j 2 mm of precipitation total.
We define the dynamic storage by identifying the depth at which we saw no significant
change in neutron counts (i.e. change is smaller than the standard deviation of neutron
counts with the discretely fractured bedrock). We corrected for sensor drift based on
the standard deviation from the mean between the depth range 20 to 25 m in which
the change in volumetric water content is less than the neutron probe measurement

uncertainty (i.e. no dynamic storage).

2.4 Results

2.4.1 Core description, standard penetration tests, matrix porosity

Using the SPT depth of refusal to represent the saprolite to weathered bedrock
interface, the combined soil and saprolite thickness was 3 m at NdW1 and 5.2 m at S3W1
(Figure 2.2). Similarly, at the near-ridge positions, the combined soil and saprolite thick-
ness was 3 m at N3W1 and 6.4 m at S2P1 (Supplementary Figure 2.2). Generally, the
matrix porosity increases toward the surface (Figure 2.2). After removing the anomalous
porosity value which was due to an interbed of shale at 27.4 m within N4W1, matrix
porosity ranged from 0.07 to 34% within N4W1 and 2 to 19% within S3W1. There
was large variability in the matrix porosity at depth, evidenced by the anomalously
high matrix porosity at 27.4 m on the pole-facing slope and the high fracture density

observed within the cores. Overall, the data indicate that NAW1 has slightly higher

o7



matrix porosity than S3W1, especially within the soil and saprolite layer (Figure 2.2).

2.4.2 Bulk geochemistry and chemical depletion

Total sulfur concentrations (%) generally did not exceed the detection limit
until 15 m below the surface within N4dW1 and S3W1 (Figure 2.3). Within N4W1,
sulfur concentrations were on average 0.015% (standard deviation (sd) = 0.012%) and
the maximum sulfur concentration was 0.05%, which occurred at 22 m. In comparison,
with S3W1, sulfur concentrations were on average 0.019% (sd = 0.015%), and the
maximum sulfur concentration was 0.06% at 27 m.

On average, the absolute concentrations of the major rock forming elements
were similar within the protolith of NAW1 and S3W1 (Supplementary Table 1). How-
ever, the weathered bedrock elemental concentrations varied across depths, between
sandstone and shale samples, and between the pole-facing slope and the equator-facing
slope (Figure 2.4). In general, the individual elemental concentrations had higher vari-
ability toward the surface than at depth for sandstone samples. However, within the
shale samples at N4W1, there was markedly higher variability and distinct elemental
concentrations relative to the sandstone samples except for P, Mn, and Zr (Figure 2.4,
light blue circles). For the sandstone samples, P, Mg, Na and to a lesser extent Mn
and K generally declined in concentrations toward the surface. However, Si, Al, Fe, Ca,
and Zr did not show systematic patterns with depth. Within the top 15 m, there were
generally higher Ca concentrations within NAW1 compared to S3W1, while there were

slightly higher Al concentrations within S3W1 compared to NAW1. Beyond Ca and
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Figure 2.2: Depth profiles of matrix porosity and core images of recovered rock samples
for the a) pole-facing slope (blue) and b) equator-facing slope (red). White circles
indicate the standard penetration blow counts for each borehole, respectively. Shaded
gray region indicates the end of the borehole. Dashed lines represent the reported
weathering interfaces based on physical rock core observations (Callahan et al., in-
review). Shaded blue and red bars indicate the average matrix porosity within the

weathering interface for the pole-facing and equator-facing slope, respectively.
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Figure 2.3: Sulfur concentrations (%) for the a) pole-facing slope and b) equator-facing
slope. Dark blues and reds indicate sandstone samples while light blues and reds indicate
shale samples. Dashed line at 0.01% indicates the instrument detection limit. Depths

shaded gray delineate beyond the borehole extent.
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Al no other individual elemental concentrations showed systematic differences between
aspects.

The 7Ti,x depth profile patterns varied between the relatively mobile and
immobile elements (Figure 2.5). The 7Ti,x values were more depleted within the top 5
m for Mg, Na, P, Mn, and to a lesser extent K relative to the parent material (Figure
2.5). However, there was significant scatter without any clear patterns for Ca, which
is typically considered a relatively mobile element. In comparison, there was much less
scatter about zero, but no clear depth pattern for relatively immobile elements: Si,
Fe, Al, and Zr. Several elemental 7Ti,x values showed a systematic difference between
N4W1 and S3W1, including Ca, Mg, Na, and Mn. For example, toward the surface
Ca became generally more depleted within S3W1 but became more enriched within
N4W1. Throughout the entire depth profile, Mg was more depleted relative to the
parent material within NAW1 compared to S3W1. In comparison, Na was more depleted
within the first few meters of S3W1 relative to N4W1 but Na became more depleted
below 5 m. Lastly below 10 m, Mn 7Ti,x values were generally more depleted within

N4W1 than S3W1 but became more similarly depleted toward the surface.
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Figure 2.4: Absolute geochemical compositions of rock samples from N4W1 (blue circles)
and S3W1 (red circles). Light blue circles represent N4W1 samples that were visually
identified to be shale. All other samples were visually identified to be sandstone. Note

distinct abscissa axis scales across elements.
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Figure 2.5: Chemical depletion (negative values) and enrichment (positive values) plots
of individual elements, expressed as 7 (tau) of rock samples from N4W1 (blue circles)
and S3W1(red circles). Light blue circles represent samples that were visually identified

to be shale. All other samples were visually identified to be sandstone.
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2.4.3 Mineral assemblages and evolution

While the XRD analyses suggest that the mineral assemblages are similar
between N4W1 and S3W1, there are several indications that there is a higher degree of
weathering within NAW1. Specifically, the XRD analyses of the unweathered sandstone
within NAW1 (39.4 m) and S3W1 (27.0 m) suggest they have similar mineral assemblages
containing quartz and plagioclase feldspar, and an intensity peak at 2 = 12.5° that is
characteristic of kaolinite and/or chlorite. Previous studies have documented that it is
challenging to distinguish whether kaolinite or chlorite (or both minerals) are present
because they have similar d-values (Kinoshita et al. 2011); Supplementary Fig 2). While
several methods have been proposed to distinguish between kaolinite and chlorite, it
was beyond the scope of the present study to discern (see Starkey et al. 1984 for more
details). The XRD patterns toward the surface show a minimal change in quartz peak
intensities but a significant decrease in the peak intensities for plagioclase feldspar upon
weathering (Figure 2.6). Within N4W1, the plagioclase peak intensities decreased from
395 counts at 39.4 m (unweathered bedrock) to 51 counts at 1.8 m (saprolite; Figure
2.6). In comparison, the plagioclase peak intensities decreased from 242 counts at 27.0
m (unweathered bedrock) to 96 counts at 4.1 m (saprolite; Figure 2.6). Additionally,
the kaolinite and/or chlorite that was present in the unweathered material was no longer

detectable by 30.4 m within the N4AW1 borehole and at 9.6 m within the S3W1 borehole.
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Figure 2.6: XRD analyses for the a) NAW1 (pole-facing slope; blue) and b) S3W1
(equator-facing slope; red) at indicated depths. Identified mineral peak intensities are
delineated in unweathered bedrock (Qtz = Quartz, Pl = Plagioclase feldspar, Kao =

Kaolinite, Chl = Chlorite).
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2.4.4 Water storage in the weathered bedrock

The largest seasonal change in neutron counts occurred toward the surface
and decreased with depth (Figure 2.7). On the equator-facing slope (Figure 2.7b), the
dynamic storage was largely confined to the top 5 m and a significant portion of the
deeper vadose zone did not exhibit a measurable change in water content below 5 m.
In comparison, within the pole-facing slope (Figure 2.7a), the depth of dynamic storage
extended down to 10 m. Additionally, from 15-18 m there was a measurable decrease
in subsurface water content on the pole-facing slope, which corresponded to a location
with pervasive fractured sandstone. Within N4W1, there was a measured increase in
neutron counts (negative change) between the wet and dry surveys between 30-35 m,

which is the approximate depth to the water table (Callahan et al., in-review.).
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Figure 2.7: Depth profiles of neutron count difference within N4W1 (dark blue circle),
N3W1 (light blue circle), SSW1 (dark red circles) and S2P1 (light red circles). Neutron
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Measurement coverage varies across boreholes due to differences in borehole depth and

completion techniques used.
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2.5 Discussion

2.5.1 Subsurface chemical weathering and water storage patterns within

Arbor Creek catchment

Subsurface critical zone structure is defined by the chemical and physical evo-
lution of the parent material as it is uplifted toward the surface (Riebe et al., 2017). The
transformation of the mineralogy, chemistry, and porosity of the parent material provide
key evidence that is used to delineate the weathering interfaces within the subsurface
(Goodfellow et al., 2016). Within Arbor Creek catchment, the geochemical and ma-
trix porosity observations reported here align with the delineated weathering interfaces
based solely on visual inspection of the rock cores (Callahan et al., in-review).

The deepest chemical weathering front corresponds to the transition between
fractured bedrock with no oxidation to weathered bedrock with oxidation along fracture
planes. The weathered bedrock with oxidation along fracture planes shows the initiation
of Na, Mg and Mn depletion. The depletion of Na and Mg within the weathered profile
may be associated with plagioclase weathering (e.g. albite) and chlorite dissolution as
indicated by the decline in the associated XRD intensity peaks. In addition, across this
interface there is measurable depletion in Mn. The second deepest chemical weathering
front occurs between the weathered bedrock with oxidation along fracture planes to
weathered bedrock with both matrix and fracture oxidation. Within this zone Na, Mg,
and Mn were consistently depleted relative to the parent material, the XRD intensity

peaks suggested the transformation of clays, and there was an increase in matrix poros-
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ity. Within the weathered bedrock with matrix and fracture oxidation, we observed
measurable (albeit small) changes in rock moisture dynamics likely from water drainage
from pores and fractures indicative of deep water delivery into the bedrock.

The shallowest chemical weathering front detectable from the rock cores is
the transition between weathered bedrock with matrix oxidation to saprolite. This
boundary was marked by a relatively sharp and intense depletion in Na, Mg, and Mn.
In addition, there was a pronounced loss in P with signs of K depletion at the near
surface. This chemical reaction front coincided with a significant increase in matrix
porosity, reduction of mechanical strength, and the highest change in subsurface rock
moisture. While we were unable to identify the presence of phosphates within the
samples using XRD, previous studies within the Great Valley Sequence have reported
the presence of phosphate nodules within the sandstone-dominant regions (Graymer
and Langenheim, 2021). Therefore, we assume the depletion of P within the saprolite
to represent the weathering of a P-bearing mineral (e.g., predominantly albite). The
release of P from primary minerals may be leached into solution, taken up by plants
and microorganisms which suggests that this zone has higher hydrologic and biologic

activity (Biinemann et al., 2010; Lajtha and Schlesinger, 1988).

2.5.2 Controls on weathering and water cycling between hillslopes

with opposing aspects

There are several lines of evidence to suggest that there is a higher degree

of weathering within the pole-facing slope compared to the equator-facing slope. For
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example, there was a relatively larger decrease in XRD intensity counts for plagioclase
feldspar content throughout the pole-facing weathered profile. In addition, there was
generally a higher depletion of Na, Mg, and Mn as well as a higher saprolite matrix
porosity on the pole-facing slope relative to the equator-facing slope. The evidence for
a higher degree of chemical and physical weathering within the pole-facing slope corre-
sponded with the observed higher magnitude and deeper extent of seasonally dynamic
storage. These findings align with previous aspect studies that have demonstrated that
increased woody-vegetation on pole-facing slopes may enhance subsurface weathering
through biogenic and hydrologic processes (Befus et al., 2011; Burns et al., 2023; Garcia-
Gamero et al., 2021; Pedrazas et al., 2021).

Trees can enhance chemical and physical weathering on the pole-facing slope
both indirectly by altering hydrologic storage and flowpaths and directly through root-
level interactions (Brantley, et al., 2017; Brantley et al., 2011). For example, previous
studies have demonstrated that oak trees rely on more and deeper water sources than
grasses (A. Donaldson et al., n.d.; Hahm et al., 2020; Ma et al., 2020). Therefore, a more
pronounced wetting and drying cycle on the pole-facing slope due to oak water uptake
during the summer season may lead to more water passing through the subsurface and
interacting with mineral surfaces during the subsequent winter, rainy season (Brantley
et al., 2007; Hua et al., 2017). In addition, roots contribute directly to subsurface
weathering through the production of root exudates, root wedging along fractures, and
elevating subsurface CO2 through root respiration (Hasenmueller et al., 2017; Roque-

Malo et al., 2022). While there is a clear relationship between the depths at which the
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greatest chemical weathering, matrix porosity, and dynamic storage occur it remains
difficult to determine how present-day rooting depths relate to the weathered profile
due to limited tools to map in-situ deep root architecture (Maeght et al., 2013).

Interestingly, there was no observable difference between the tau values be-
tween aspects for P. Previous studies have shown a relationship between the amount
of above-ground biomass and P leaching from bedrock (Dzombak and Sheldon, 2020;
Lajtha and Schlesinger, 1988). We hypothesized that there would be a higher amount
of P depletion on the oak-dominated pole-facing slope compared to the grass-dominant
equator-facing slope. However, we did not observe a difference in the depth nor degree
of P depletion between aspects. One explanation for the lack of difference in P deple-
tion between aspects may be because the chemical weathering patterns that we observe
today partially reflect the weathering during the cooler, wetter Pleistocene, when Ar-
bor Creek catchment was likely not a precipitation-limited ecosystem (Adam and West,
1983). During this climate regime, the weathering profile may have been impacted by
the presence of woody-vegetation on either aspect and the observed differences in vege-
tation type (e.g. grass versus tree) may be a relatively recent ( 11-13 Ka) phenomenon
(Cole, 1983; Donaldson et al., 2023).

In addition to the “top-down” processes addressed above (e.g. vegetation
and water cycling), previous research within the field site has demonstrated a higher
fracture density within the unweathered bedrock on the pole-facing slope compared
to the equator-facing slope (Callahan et al., in-review). Inherent rock damage during

bedrock formation and fracture spacing has been suggested to play a role in the rate
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of oxidation within the critical zone (Langston et al., 2015; Reis and Brantley, 2017).
Therefore, both top-down hydrologic and biogenic weathering agents combined with
bottom-up differences in rock fracturing may also influence the observed contrasts in

chemical weathering (Flinchum et al., 2018; Riebe et al., 2001).

2.5.3 Weathering across sites underlain by clastic sedimentary rocks

The focus of sedimentary rock chemical weathering has previously been on
fine-grained sedimentary rocks such as shales, mudstones and greywackes (Anderson et
al., 2002; Chigira, 1990; Chigira and Oyama, 2000; Gu et al., 2020; Jin et al., 2011; Pe-
drazas et al., 2021; Sullivan et al., 2016). A key observation across rock types including
clastic sedimentary systems is that chemical weathering patterns and subsurface water
cycling are commonly co-located (Brantley, Lebedeva, et al., 2017). For example, pyrite
oxidation fronts (defined here as the transition between undetectable to detectable sul-
fur) have been shown to align with the depth of the water table (Chigira, 1990; Sullivan
et al., 2016). However, within Arbor Creek catchment, the pyrite dissolution front was
above the observed water table. Pedrazas et al. (2021) speculated that within the
Great Valley sequence of central California, the pyrite oxidation front may be more
shallow than the water table due low fracture density and sufficiently low infiltration
of chemically reactive meteoric water at depth (Lebedeva and Brantley, 2020). Within
Arbor Creek catchment we observed highly fractured bedrock, likely due to the close
proximity to the Caldarez fault, therefore we don’t suspect that pyrite oxidation is lim-

ited at depth (Callahan et al., in-review). Alternatively, we suspect that the relatively
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shallow pyrite dissolution front relative to the location of the present-day water table
is an indication of the location of the paleo-water table within the wetter and cooler
Pleistocene (Hudson Rasmussen et al., 2023).

Within fine-grained sedimentary rocks, the significant depletion of Ca, Na,
and Mg is commonly reported within the saprolite and associated with the dissolution
of carbonates (e.g. calcite), feldspars (e.g. albite), and clays (e.g. chlorite). Within
Arbor Creek catchment, we were unable to discern a clear carbonate reaction front,
owing to the relatively low Ca concentrations and lack of systematic variability in Ca
losses or gains with depth. Previous studies have noted the difficulty of identifying
carbonate weathering fronts due to the “cyclic dissolution and reprecipitation of calcite”
as shown by the depleted and enriched Ca 7 values (Pedrazas et al., 2021; Wan et
al., 2019). Within Arbor Creek catchment we observed pronounced Na at the soil-
saprolite boundary and Mg depletion which aligned with the saprolite to weathered
bedrock boundary. Previous studies have noted a grain-size dependence on the reaction
mechanisms driving chemical weathering, especially for the chlorite (Worden et al.,
2020). However, further work at the site is required to quantitatively characterize
the mineralogy and grain sizes with depth to identify the dominant chemical reactions
driving critical zone development.

Within Arbor Creek catchment, we find that evidence of both top-down and
bottom-up controls on weathering could be operating in tandem similar to other clastic
sedimentary systems (Lebedeva and Brantley, 2013; Rempe and Dietrich, 2014). How-

ever, Arbor Creek catchment is rather unique in that the present-day weathering profile
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may still retain a relict weathering signal from past vegetation distribution dynamics
which has previously been largely underrepresented in models of subsurface weathering
and climate change due to the differences in operating timescales (Gurung et al., 2024).
Additionally, the fresh bedrock within Arbor Creek remains highly fractured which is
distinct from other sites which have reported relatively intact and pristine fresh bedrock
(Gu et al., 2020; Pedrazas et al., 2021). Further research is required to investigate how
fracture density influences the chemical evolution of the critical zone in sedimentary

rocks.

2.5.4 Nuances and limitations of study

Overall there are observable chemical depletion patterns with depth and be-
tween aspects, especially at the saprolite to weathered bedrock transition. The vari-
ability observed is likely a product of the parent material composition and the assumed
immobile reference element, Ti. The assumed parent material within N4W1 and S3W1
were all sandstone samples and are likely not a representative source rock for the shale
samples within the weathered profile, but are included for reference. Therefore, we
observed a pronounced difference between the chemical depletion and enrichment be-
tween sandstone and shale samples across individual elements. Additionally, we assume
that Ti was the ideal immobile element to calculate relative enrichment and depletion
of individual elements within the weathered profile. While the Ti had less variability
relative to Zr, future research is required to better refine how parent material samples

are identified and the variability due to the immobile element chosen (Price and Velbel,
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2003).

We used significant changes in neutron counts (defined as a change greater
than the standard deviation between a zone expected to have no vegetation uptake) to
delineate the extent of the dynamic storage zone. Interestingly, there was an observed
change in neutron counts between 15 to 18 m within the subsurface, which extends
beyond the deepest observed oak rooting depths during drilling (12 m; Supplementary
Figure 5) and well beyond average reported oak rooting depths (5.2 m; (Fan et al.,
2017). These anomalous neutron count changes are aligned with a section of pervasive
fracturing in a zone with otherwise discretely fractured (Callahan et al., in-review).
Therefore, we hypothesize that this pervasively fractured zone may store and drain

water more than the surrounding rock.

2.6 Conclusion

Quantifying the depth and extent of subsurface weathering is critical to under-
standing how interactions between vegetation distribution and microclimates regulate
ecosystem form and functions. Here, we used two hillslopes with opposing aspects as a
natural experiment to determine how differences in incoming solar radiation and veg-
etation type (trees vs. grass) mediate rock-water interactions within the vadose zone.
Common to other sedimentary systems, we observed a deep weathering front (tens of
meters) within the subsurface which suggests the deep cycling and storage of chemical

reactive meteoric water. Additionally, we identified a sharp reaction front within the
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near-surface (5-10 m) within the subsurface of both study hillslopes that aligned with
the extent of dynamic storage. While these shallow and deep similarities persisted across
slopes with opposing aspects, we observed higher magnitudes of chemical weathering on
the cooler pole-facing slope with oak trees compared to the warmer equator-facing slope
with grasses. In addition, the dynamic storage zone was nearly double the depth on the
pole-facing slope. These findings provide strong evidence for the importance of woody
vegetation with deep roots to mediate subsurface weathering through root-water uptake
and root-rock interactions, enhancing subsurface water cycling and reaction potential.
However, a lack of difference between the weathering extent and magnitude of phos-
phorus and the observation that the pyrite oxidation front above the deep water table
may be a relic fingerprint of past dominant hydrologic, vegetative, and weathering pro-
cesses within a cooler and wetter Pleistocene. These findings provide insights into the
fundamental relationship between landscape evolution, water storage, and vegetation
distributions. A better understanding of these relationships are critical to predicting
how changes in climate may alter terrestrial water cycling, storage capacity, and material

export.
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Supplementary Table 1. Protolith percent average geochemistry for N4W1

and S3W1 with standard deviation.

Borehole
S3w1
N4W1
S3w1
N4W1
S3w1
N4W1
S3w1
N4W1
S3w1
N4W1
S3w1
N4W1
S3w1
N4W1
S3w1
N4W1
S3w1
N4W1
S3w1
N4W1
S3w1
N4W1

Element
Sio2
Sio2

Al203
Al203
Fe203
Fe203
MnO
MnO
MgO
MgO
CaO
CaO
Naz20
Na20
K20
K20
P205
P205
Zr
Zr
TiO2
TiO2

Average %

69.980
69.556
15.266
14.861
5.241
5.451
0.069
0.073
1.958
2.183
1.000
1.290
3.670
3.892
2.037
1.894
0.154
0.146
0.015
0.018
0.623
0.642

Standard Deviation
0.685
0.726
0.301
0.330
0.275
0.367
0.006
0.008
0.095
0.072
0.109
0.105
0.150
0.128
0.116
0.029
0.014
0.015
0.001
0.002
0.028
0.036
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—
" » T
r L g -
i PE

b II!::“

Figure 2.12: Image of rock core section extracted from N4W1 at 12 m with fine woody

root present within discrete fracture
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Symmetry in Hillslope Steepness and Saprolite Thickness
Between Hillslopes With Opposing Aspects

A. M. Donaldson’
N. Finnegan! (9, N. Barling!

, M. Zimmer! 2, M.-H. Huang?
, and R. P. Callahan'

, K. N. Jot 13 (3, B. Hudson-R 2@,

'Department of Earth and Planetary Sciences, University of California, Santa Cruz, CA, USA, *Department of Geology,

University of Maryland, College Park, MD, USA, *Department of Integrative Biology, University of California, Berkeley,
CA, USA

Abstract The structure of the critical zone (CZ) is a product of feedbacks among hydrologic, climatic,
biotic, and chemical processes. Past research within snow-dominated systems has shown that aspect-dependent
solar radiation inputs can produce striking differences in vegetation composition, topography, and soil depth
between opposing hillslopes. However, far fewer studies have evaluated the role of microclimates on CZ
development within rain-dominated systems, especially below the soil and into weathered bedrock. To address
this need, we characterized the CZ of a north-facing and south-facing slope within a first-order headwater
catchment located in central coast California. We combined terrain analysis of vegetation distribution

and topography with soil pit characterization, geophysical surveys and hydrologic measurements between
slope-aspects. We documented denser vegetation and higher shallow soil moisture on north facing slopes, which
matched previously documented observations in snow-dominated sites. However, average topographic gradients
were 24° and saprolite thickness was approximately 6 m across both hillslopes, which did not match common
observations from the literature that showed widespread asymmetry in snow-dominated systems. These results
suggest that dominant processes for CZ evolution are not necessarily transferable across regions. Thus, there

is a continued need to expand CZ research, especially in rain-dominated and water-limited systems. Here, we
present two non-exclusive mechanistic hypotheses that may explain these unexpected similarities in slope and
saprolite thickness between hillslopes with opposing aspects.

Plain Language Summary Small differences in solar radiation and water availability between
hillslopes facing opposite directions may lead to distinct vegetation and hillslope structures. However, more
research is needed to understand the controls and extent of structural differences in the subsurface, especially

in rain-dominated landscapes. To investigate the physical and ecohydrologic characteristics between hillslopes
that face opposite directions, we combined terrain analysis, soil pit characterization, geophysical surveys and
hydrologic measurements taken from two hillslopes facing opposite directions. We found that the hillslope

that faced north had higher oak tree density, and higher soil moisture than the hillslope that faced south. These
observations match other published studies from a range of landscapes and climates in the northern hemisphere.
However, contrary to expectations based on other studies, we found that the surface slope and weathered
bedrock thickness were similar between the two hillslopes. Similarities in soil water at 50 cm and increased
perched groundwater response on the hillslope that faces south suggest that how water moves within the
hillslope and what water is available to plants may alter how rock breaks down. In addition, historic climate and
water availability may be important to understand the present-day hillslope structure.

1. Introduction

The diversity of landforms on Earth's surface is intrinsically linked to the spatial distribution of the major compo-
nents of climate: precipitation and air temperature (Perron, 2017; Sharp, 1982). Studies of the development of the
critical zone (CZ), which extends from the top of vegetation to fresh bedrock, investigate the feedbacks among
climatic conditions, hydrologic and ecological processes, underlying geology and tectonic stresses at time scales
from individual precipitation events (S6lyom & Tucker, 2004) to millions of years (Lebedeva & Brantley, 2020).
Differences in subsurface CZ structure (e.g., permeability, porosity, thickness) have been attributed to climate
(Anderson et al., 2013, 2019), underlying lithology (Buss et al., 2017; Callahan et al., 2022; Hahm et al., 2019),
subsurface water movement (Lebedeva & Brantley, 2013, 2018; Rempe & Dietrich, 2014) and regional tectonics
(Ma et al., 2021; Moon et al., 2017; Riebe et al., 2001; St. Clair et al., 2015). However, the ability to identify
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the above and belowground causal mechanisms on CZ development and function across diverse landscapes is
currently lacking. A better understanding of the relationship between climate and CZ development is essential
to disentangle dominant drivers, improve process-based Earth Systems models (Fan, Clark, et al., 2019; Fan,
Grant, & Anderson, 2019, predict environmental responses to climate change (Ferdowsi et al., 2021; Maxwell &
Shobe, 2022), and manage water resources (Fan, Clark, et al., 2019; Fan, Grant, & Anderson, 2019).

Hillslopes with opposing aspects, or facing opposite directions, provide natural experiments to investigate
how small-scale climatic differences control CZ development (Anderson et al., 2014; Chorover et al., 2011).
For example, in the northern hemisphere, higher solar radiation inputs on south-facing slopes (SFS) generate
hotter and drier conditions compared to north-facing slopes (NFS), which receive less solar radiation per unit
area (Pelletier et al., 2017; Poulos et al., 2012; Yetemen et al., 2015). NFS remains cooler and wetter, which
promotes the establishment of mesic species and denser vegetation structure (Armesto & Martinez, 1978; Desta
et al., 2004; Zapata-Rios et al., 2016). These aspect-dependent differences in vegetation have been shown to be
key factors contributing to physical CZ asymmetries in water-limited ecosystems (Pelletier et al., 2017; Smith &
Bookhagen, 2020).

Researchers have used these small spatial scale differences in solar radiation and vegetation to develop a set
of common expectations of aspect-dependent hillslope-scale CZ characteristics (Pelletier et al., 2017; Regmi
et al., 2019). Specifically, a common expectation is that lower vegetation densities on SFS will reduce soil
surface infiltration capacity, enhancing surface runoff and the promotion of sediment transport (Gutierrez-Jurado
etal., 2006; Yetemen et al., 2015). The result of these feedbacks may be the development of less steep SFS slopes
compared to densely vegetated NFS with lower sediment transport efficiency (Inbar et al., 2018; Istanbulluoglu
et al., 2008). That said, this is not universally true; case studies have shown that colluvial sediment transport
processes (e.g., animal burrowing and floral-bioturbation) may dominate soil-mantled hillslopes (McGuire
et al., 2014; Roering et al., 2002). In these places, hillslope asymmetry may deviate from our current expectations
(Pelletier et al., 2017). For example, colluvial sediment transport can increase with vegetation density (Hughes
et al., 2009; McGuire et al., 2014), which may enhance erosion on NFS and make them less steep than SFS.
Therefore, despite the expectation that SES will be less steep than NFS, competition exists between sediment
transport processes across landscapes, making universal expectations challenging to identify.

Another common expectation is that aspect-dependent differences in vegetation density contribute to differ-
ences in hydrologic flowpaths, and thus, the degree of subsurface chemical weathering (Chorover et al., 2011).
Specifically, more vegetation on NFS can increase organic matter and contribute to finer soil texture, which
increases soil water retention capacity and promotes soil development (Anderson et al., 2014; Gutierrez-Jurado
et al., 2006). Below the soil, higher soil water content may allow for deeper recharge into the saprolite, which
contributes to thicker, more weathered saprolite on NFS (Garcia-Gamero et al., 2021; Langston et al., 2015).
However, these expectations are largely based on snow-dominated catchments where other processes, such as
freeze-thaw cycles and snowmelt, can compound the role of vegetation across aspect (Anderson et al., 2013;
Befus et al., 2011; Nielson et al., 2021; West et al., 2019). Therefore, despite the expectation that NFS will have
a deeper subsurface CZ, this common expectation must be tested in rain-dominated catchments to confirm its
transferability across landscapes.

Recent aspect-based studies in rain-dominated catchments have suggested that the role of microclimates on CZ
structure is more complex than previously documented in snow-dominated studies (Inbar et al., 2018; Kumari
et al., 2020). Hudson-Rasmussen et al. (2023) combined seismic refraction geophysical surveys with geochem-
istry data from Pedrazas et al. (2021) to investigate subsurface weathering between opposing slopes within a
rain-dominated oak woodland underlain by sedimentary rocks. While they observed slope-aspect differences
in vegetation, hillslope steepness, and soil depth, there were no clear aspect-dependent differences in saprolite
thicknesses. They suggested that the observed symmetry in saprolite thickness is a relic of past wetter climatic
conditions and additional time is required to produce saprolite asymmetry.

Here, we test the current expectation that NFS are wetter, steeper, and have thicker soil and saprolite compared to
SFS within a rain-dominated catchment underlain by sedimentary rocks. To do so, we identified a sedimentary
catchment with end-member vegetation assemblages (i.e., grasses vs. trees) in the central California Coast Range
and coupled topographic, hydrologic, pedologic, and geophysical data from two adjacent hillslopes with oppos-
ing aspects. Based on our observations, we introduce testable hypotheses that represent exciting frontiers within
the ecohydrologic and CZ science communities.
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Figure 1. (a) Arbor Creek Experimental Catchment area delineated (red)
within the larger North Dark Canyon Watershed (NDC, black) and inset map
of California, (b) Arbor Creek Experimental Catchment during the rainy
season (February 2022) and (c) Arbor Creek Experimental Catchment during
the growing season (June 2022). White star in panel (a) indicates where

the rainy season and growing season photos of Arbor Creek Experimental
Catchment were taken.

2. Site Description

The study site is a small (0.04 km?) headwater catchment with an ephem-
eral stream that drains to the west, referred to as “Arbor Creek” (37.393,
—121.723) within the North Dark Canyon Watershed (0.77 km?). Arbor
Creek Experimental Catchment is located within the University of California
Blue Oak Ranch Reserve (BORR; Figure 1) from 720 to 790 m above sea
level. This reserve is located within the Mt. Diablo Range, ~24 km northeast
of San Jose, California, USA.

2.1. Geologic and Tectonic Setting

The overall geologic setting of the study site is a recently uplifted coastal
range with relatively low relief uplands (600-800 m above sea level) that
are dissected by deep canyons (up to ~500 m) where large landslides are
common (Page, 1999). The study site has no recorded Pleistocene glacia-
tion or peri-glaciation (Marshall et al., 2021). The underlying geology of the
study site has been mapped differently depending on the scale and purpose
of investigation from local lithotectonic units observable in an outcrop
(Raymond, 2014) to regional tectonic, deformation, and accretion studies that

prefer to use the Berkland et al. (1972) belt terminology (Bolhar & Ring, 2001; Ernst, 2011; Raymond, 2018).
At the highest resolution of geologic mapping of 1:24,000, Dibblee and Minch (2005) characterized the area as
Franciscan Assemblage comprised of massive to bedded metagraywacke sandstone, moderately to pervasively
sheared shale and melange units (Crawford, 1975), bedded chert, greenstone, and blueschist. In its most general
form, the surrounding region has been mapped broadly as “Franciscan complex undifferentiated,” Great Valley
Sequence, and the controversial extension of the Eastern Belt/Yolla Bolly Unit with major rock types described as
semi-schistose metawacke, meta-mudrock, metachert, and metabasite (Raymond, 2018; Wentworth et al., 1999).
Our observations from outcrops within the study site suggest that locally, the dominant rock types are sequences
of metagraywacke sandstone, shale, slatey shale with no evidence of chert, blueschist, or melanges, which is best
described by the characteristics of the Yolla Bolly Unit and the Great Valley Sequence.

= Seismic Refraction urvey
@ Soil Moisture Pits and Wells

T T —
-121.726 -121.725 -121.724 -121.723

Figure 2. Hillshade of Arbor Creek Experimental Catchment showing
instrumentation stations with the location of soil moisture sensors,
groundwater wells (black circles; S3, S2, S1, N1, N2, N3) and seismic
refraction transects (red dashed lines).

2.2. Climate and Vegetation

Blue Oak Ranch Reserve has a Mediterranean climate characterized by cool,
wet winters and warm, dry summers. The average annual rainfall is 600 mm
(standard deviation (SD) = 200 mm) from 2012 to 2021 and average air
temperature of 8°C in January and 25°C in August (http://www.wrcc.dri.edu/
weather/ucbo.html). Nearly all precipitation falls as rain between November
and April, and the oak tree growing season extends from April to November.

This study area is characterized as a mixed oak savanna-woodland, where
vegetation composition throughout the reserve is generally aspect-dependent
(Figure 1). Within Arbor Creek Experimental Catchment, the NFS is a decid-
uous oak woodland dominated by blue oak (Quercus douglasii) and Califor-
nia black oak (Quercus kelloggii), with California bay laurel (Umbellularia
californica) and California buckeye (Aesculus californica) present in the
lower riparian area. The SFS is predominantly a perennial grassland (i.e.,
Bromus diandrus and Elymus glaucus) with sparse blue oak present at lower
portions in the catchment that have a southeast slope angle.

3. Methods

The principal study transect within Arbor Creek Experimental Catchment
covers two hillslopes, one NFS and one SFS, that drain to the ephemeral stream
channel. On the transect, we established six instrumented stations across differ-
ent landscape positions: near-stream, mid-slope, and near-ridge (Figure 2).
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3.1. Terrain Analysis

We explored relationships between insolation, hillslope gradient, and vegetation using 1-m resolution 2020
LiDAR data collected for Santa Clara County (U.S. Geological Survey, 2020). We downloaded a bare-earth raster
model of these data produced by the U.S. Geological Survey, and a raster of unfiltered first-return (vegetation
top) data, both from opentopography.org. The first-return data were reprojected and resampled to align with the
bare-earth data. Vegetation height was calculated by subtracting the bare-earth data from the first-return (vege-
tation top) data. A binary tree/no tree layer was generated with a 2-m vegetation height threshold after experi-
menting and spot checking this threshold against field knowledge. Chaparral is not very common in these areas,
but where present is included in the “no tree” category. Insolation was modeled for the bare-earth data in ArcGIS
Desktop using the Area Solar Radiation tool as direct radiation, diffuse radiation, and duration of radiation for the
solstices, equinox, and annual totals. In addition, slope, aspect, and degrees from south were calculated from the
bare-earth data. We compared the distributions of these terrain features in Arbor Creek Experimental Catchment
to other watersheds in the same local region of the Diablo Range with similar lithology and geomorphic context
to assess if the terrain features observed at our study site were representative of the larger region. We excluded
infilled and fault-influenced valleys along the San Andreas Fault and excluded areas to the north within the
Arroyo Hondo watershed that have much faster incision rates and hence steeper terrain.

3.2. Precipitation Measurements, Soil Characterization and Moisture

At the ridge of the NFS, we installed a weather station (ClimaVUES0, Campbell Scientific; Logan, Utah) to
record precipitation inputs at 10-min intervals from 1 October 2020 to 30 September 2021 (2021 water year).
We excavated soil to refusal (~1 m) and characterized the soil and top of saprolite at the near-stream, mid-slope,
and near-ridge positions. We delineated soil horizons, depth to saprolite, and characterized parent material within
the vertical pit faces. We define the soil as the organic or unconsolidated material that extends from the ground
surface to the top of the “C” horizon. The measurement accuracy of the EC-5 sensors is 0.025 m*m? and 0.045
m?3/m? for sandy loam and silty loam soil, respectively (Kanso et al., 2020). We recorded soil VWC (cm3/cm?) at
10-min intervals from 1 October 2020 to 30 September 2021 (2021 water year).

We compared soil moisture across landscape positions within storm events, between storm events, and over the
dry summer period. Storm events were defined with an event separation method that relied on two thresholds:
minimum precipitation amount and minimum period without precipitation inputs (Wiekenkamp et al., 2016). A
minimum precipitation amount of 1 mm was chosen because it was within the scope of precipitation sensor error
and reduced the likelihood of analyzing precipitation inputs caused by fog that would not produce soil moisture
response. A minimum period without precipitation of 12 hr was chosen because durations less than 12 hr did
not fully capture soil moisture responses to incoming precipitation and durations of 24 hr led to lengthy events
(>20 days) that were not representative of observed on-site storm lengths. We began the analyses on 21 January
2021 once all the soil moisture probes were operational, and a total of 13 precipitation events were delineated.
The beginning of the summer period began on 25 April 2021, which was the date of the last precipitation input
for that water year.

3.3. Saprolite Lithology and Perched Groundwater Measurements

We characterized the dominant saprolite lithology and the presence of a shallow, perched, and transient ground-
water response at the saprolite-weathered bedrock interface by drilling boreholes and installing wells. Notably,
the deeper, persistent water table is below the depth of observations that are pertinent to this work. Adjacent to
soil pits, we hand-augered 2-inch boreholes to refusal (~1 m) and then drilled with a gas-powered backpack drill
(Shaw Tool Ltd., Yamhill, Oregon) to 3-5 m, constrained by the drill's ability to advance through the material.
On the NFS, the well depths were 3.33, 3.96, 3.80 m at the near-stream, mid-slope, and near-ridge landscape
positions, respectively. On the SFS, the well depths were 3.10, 4.20, 4.67 m at the near-stream, mid-slope, and
near-ridge, respectively. We characterized exhumed borehole samples by lithology type (i.e., shale vs. sandstone;
Table S2 in Supporting Information S1).

Within each borehole, we installed wells to measure perched groundwater levels every 10-min using pressure
transducers (0.1 mm resolution; Solinst, California). We screened the wells from the bottom of the adjacent soil
pit (~1 m) to the bottom of the borehole to isolate hydrologic responses between the soil and underlying saprolite.
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Table 1
Geometric Information for the Seven Seismic Refraction Surveys

Line # Line name Date collected  Geophone spacing (m) Shot spacing (m) Stack # Seismic line length (m)

1 SES_deep 10 August 2021 3 8 8 144
2 SFES_shallowl 10 August 2021 1 1 2 48
3 SFS_shallow2 10 August 2021 1 1 2 48
4 NFES_deep 11 August 2021 4 8 8 192
5 NFS_shallowl 11 August 2021 1 1 2 48
6 NFS_shallow2 11 August 2021 1 1 2 48
7 NFS_shallow3 11 August 2021 1 1 2 48

Due to the long screen intervals, it should be noted that we cannot definitely state which depth perched ground-
water response originates. However, we believe that the depth to the refusal of the drill represents a transition
from more friable to less friable material (thus a strong contrast in permeability) that may contribute to transient
saturated conditions. We quantified the duration of perched groundwater response for each well as the percent of
time that perched groundwater was present (i.e., sensor readings were >0.1 m) from 27 January 2021 to 25 April
2021. This date range presents the period from when all water level sensors were installed to the date of the last
precipitation input for that water year.

3.4. Seismic Refraction

In August 2021, we conducted an active source seismic refraction campaign to investigate subsurface weathering
patterns within the CZ. We completed seven surveys along the study transect, with four on the NFS and three
on the SFS. We used two 24-channel Geode seismographs (Geometrics; San Jose, California). We generated
the seismic source by swinging a sledgehammer onto an aluminum plate with 2-8 stacked shots adjacent to the
survey lines. For the surveys, we used geophone spacing that ranged from 1 to 4 m and shot intervals that ranged
from 1 to 8 m (Table 1). It should be noted that the seismic refraction surveys cannot be used to determine soil
depth because the source frequency of hammer shots (~30 Hz) was not high enough to sufficiently resolve the
seismic velocity of material less than 1 m depth range. We determined the topographic geometry for the seismic
model from a 1.5 m spatial resolution Digital Elevation Model collected from an airborne LiDAR mission in
2006.

For each survey, we used the software Pickwin (Geometric Inc.) to pick the first P-wave (primary wave from
the active seismic source) arrival time to each geophone location. Prior to the inversion, the travel-time data
from the NFS and SFS were combined to create a single set of inputs for the inversion on each hillslope. We
then performed a Transdimensional, Hierarchical, Bayesian inversion approach with reverse-jump Markov
Chain Monte Carlo (THB rjMCMC) from Huang et al. (2021). The initial velocity model was proposed
by interpolation of 40 model cells that are randomly distributed in the model domain, and the velocity was
ranged from 300 m/s at the surface to 5,000 m/s at the bottom of the model. We randomly iterated the veloc-
ity model to create, delete, or move a model cell. We also allowed a random model cell to vary its velocity
within the range of 300 and 5,000 m/s. As the measurement uncertainty is not known, it is inferred by the
noise hyperparameter. The THB rjMCMC method randomly accepts or rejects the proposed model based on
the algorithm proposed by Metropolis et al. (1953). This method calculates a mean model distribution from
an ensemble of posterior velocity models after burn-in that can fit the measured P-wave travel time equally
well. With this approach, we can reliably estimate measurement uncertainty as well as model resolving power
at depth. After ~6 x 107 iterations of this inversion approach, we used the estimated mean velocity of the
ensemble posterior distribution to create a two-dimensional cross section of the best-fit subsurface seismic
velocity structure. The interpreted transitional depths in subsurface structure are an approximation due to
model structure and limitations (i.e., ray path coverage, smoothing factors, and cell size), but combined with
ground-truthed observations of boreholes excavated materials provide a useful approach to identify seismi-
cally significant shifts in CZ structure. For more details on post-processing of the seismic velocity model,
refer to Huang et al. (2021).
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From our resulting velocity models described above, we calculated the vertical velocity gradient, defined as the
change of P-wave seismic velocity with depth. Maxima in vertical velocity gradients have been shown to corre-
late with a transition from highly disaggregated or weathered material to more pristine, low porosity bedrock
(Flinchum et al., 2022). Thus, we used vertical velocity gradient profiles across our study transect to identify
potential transitions in CZ structure (i.e., porosity, lithology). We calculated the thickness of the saprolite along
the survey transect by subtracting the land surface elevations from the average depth of the highest vertical veloc-
ity gradient and the corresponding seismic velocity contour, which has previously been shown to represent a
transition to saprolite (Flinchum et al., 2018; Hudson-Rasmussen et al., 2023). We then binned the data into 5 m
intervals (horizontal resolution of seismic data) and compared the difference in the calculated saprolite thick-
ness between the max velocity gradient method and corresponding contour method between hillslope aspect.
We used the Shapiro-Wilk Normality Test to test for normality across the different data sets, which determines
whether data are normally (parametric) or not normally (non-parametric) distributed (Yazici & Yolacan, 2007).
We determined whether the differences between slope-aspects across landscape positions are statistically signif-
icant using t-tests for parametric data and the Mann-Whitney U tests for non-parametric data (McKnight &
Najab, 2010).

4. Results
4.1. Terrain Characteristics

Insolation has the greatest influence on tree presence in our study area. Above about 2,500 WH/m?, we see a
decrease in the ratio of hillslope pixels classified as trees (Figure S1 in Supporting Information S1, dashed line).
This pattern can be observed qualitatively on the landscape most readily when looking at the vegetation contrast
between adjacent NFS and SFS, which average around 1,500 WH/m? (~60% tree pixels) and 3,500 WH/m?
(~20% tree pixels), respectively, in this local region (e.g., Figure 2; Figure S2 in Supporting Information S1).
Within Arbor Creek Catchment, hillslope pixels oriented within 45° of North and South have similar distribu-
tions of slope angles (mean slope of 23.7° on NFS and 24.4° on SFS) (Figure 3a). Despite variability in hillslope
orientation due to stream network shape, when comparing pixels across the larger region, NFS and SFS also have
similar slope angles (mean slope of 24.7° on NFS and 23.2° on SFS).

T T T
[ North-facing slopes
[ South-facing slopes

20 25 30
Slope (degrees)

% of Total Pixels in Bin Range
2
S

15 20 25 30 35
Slope (degrees)

15 20 25 30 35 40 45
Slope (degrees)

Figure 3. Slope distributions (a) for Arbor Creek Experimental Catchment (delineated in black (d)), for an (b) adjacent catchment to the south with similar solar
orientation (delineated in black (d)), and for a (c) broader sample of catchments in the local region with similar geomorphology and lithology (delineated in white (d)).
NFS's are shaded with blue and SFS's are shaded with red.
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Figure 4. (a) Images of Arbor Creek Experimental Catchment's south-facing slopes and north-facing slopes. Soil pit images with soil horizons delineated at the (b)
near-stream, (c) mid-slope and (d) near-ridge landscape positions. White line on the illustrated monolith represents the transition between soil to saprolite.

4.2. Soil Characteristics

Across the six soil pits, the soil depth ranged from 30 to 80 cm, with a mean depth of 51 cm (Table S1 in
Supporting Information S1). On the NFS, soil depth varied by landscape position, with the shallowest soil depth
occurring at the near-stream position (30 cm), the deepest soil depth at the mid-slope (80 cm) and intermediate
depth (50 cm) at the near-ridge position. On the SFS, the soil depth was more uniform relative to the NFS; the
near-stream and mid-slope both had 55 cm soil depths, while the near-ridge soil depth was only 30 cm (Figure 4).

4.3. Saprolite Characteristics

The seismic refraction mean velocity, vertical velocity gradient, and coefficient of variation are shown in Figure 5,
showcasing the similarity in saprolite thickness between slope-aspects. The max vertical velocity gradient best
corresponds to the depth at which the seismic velocity ranges from 1,200 to 1,400 m/s (Figure S3 in Supporting
Information S1). This range is similar to velocities used to distinguish the saprolite-weathered bedrock transi-
tion in sandstones and mudstones (1,300 m/s; Hudson-Rasmussen et al., 2023) and granitic gneiss (1,400 m/s;
Flinchum et al., 2019). We therefore inferred that the transition between the saprolite and weathered bedrock
occurred within the range of the max velocity gradient, the depth to the 1,200 and 1,400 m/s seismic velocity
contour. We observed the thickness of the saprolite to generally decrease from the ridge to the stream channel
(Figure 6). These geophysical observations indicate that the saprolite thickness is similar between hillslopes with
opposing aspects (Figure 6). Though the maximum vertical velocity gradient is systematically higher on the NFS
(686 m/s/m) compared to the SFS (277 m/s/m). Based on the depth to the maximum gradient, the average sapro-
lite depth was 6.6 + 0.31 m and 5.7 + 0.32 m on the NFS and SFS, respectively, and not statistically significant
between slope-aspects (1 = 1.89, p-value = 0.07). Based on the depth to the 1,200 m/s contour, the average sapro-
lite depth was 6.1 + 0.42 m and 5.6 + 0.27 m for the NFS and SFS, respectively, which were not statistically differ-
ent (1 = 0.95, p-value = 0.34). Finally, using the 1,400 m/s velocity contour, the saprolite depth, 7.5 + 0.64 m and
7.3 + 0.49 m for the NFS and SFS, respectively, was also not statistically different (W = 145.5, p-value = 0.72).
The root-mean-square error misfit evolution, mean misfit, a SD of the misfit in the mean velocity model, modeled
travel time and observed travel time and raypath density of the mean velocity model are provided in Supporting
Information S1 for the NFS and SFS (Figures S4 and S5 in Supporting Information S1, respectively).
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Figure 5. (a) Mean seismic refraction velocity model, (b) mean vertical velocity

gradient, and (c) coefficient of variation for velocity model (inferred as model

uncertainty) with 1,200, 1,400, 2,000, and 3,000 m/s velocity contours. Dashed red lines in panel (a) represent the hillslope length further analyzed for saprolite

thickness. Vertical white bars in panel (a) represent the well locations and extent.

Below the maximum vertical velocity gradient, the seismic velocity increased from ~1,300 to 3,000 m/s on

average at 26 m (SD 10 m) and 49

m (SD 11 m) below the ground surface on the SFS and NFS, respectively. The

increase in the seismic velocity could be due to a gradually decreasing porosity (Figure 5; Flinchum et al., 2022;
Gu et al., 2020). This transition most likely represents the transition from weathered bedrock (more competent

than the saprolite above) to more pristine, low porosity material. The P-wave velocity of pristine (not chemically
altered) sandstone with <20% porosity has been shown to be >3,800 m/s (Geldart & Sheriff, 2004). However,
based solely on the seismic velocity data, we are unable to distinguish between weathered bedrock with low frac-

ture density and fresh bedrock wit

o
]
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North-facing slope
South-facing slope

weathered bedrock boundary (m)
=Y
i

Depth from surface to saprolite-
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Figure 6. Average saprolite depth based on the depth to the 1,200 m/s velocity
contour and 1,400 m/s velocity contour (top and bottom of shaded region,
respectively) and the max velocity gradient (bold lines) for the north-facing
slopes (blue) and south-facing slopes (red) within Arbor Creek Experimental
Catchment.

h high fracture density.

4.4. Soil Moisture and Perched, Transient Groundwater Responses

During the 13 delineated storm events, the soil VWC was similar between
slope-aspects except at the 10 cm mid-slope position (Figure 7). At the
near-stream position, the average 10 cm soil VWC was 0.16 and 0.18 on
the SFS and NFS, respectively. At the mid-slope position, the 10 cm soil
VWC was on average 0.19 and 0.28 on the SFS and NFS, respectively. At the
near-ridge position, the 10 cm soil VWC was on average 0.22 and 0.25 on the
SFS and NFS, respectively. Deeper within the soil, at the near-stream posi-
tion, the 50 cm soil VWC was on average 0.16 and 0.18 on the SFS and NFS,
respectively. At the mid-slope position, the 50 cm soil VWC was on average
0.25 on both the NFS and the SFS. At the near-ridge position, the 50 cm soil
VWC was on average 0.24 and 0.27 on the SFS and NFS, respectively. Nota-
bly, at the near-ridge position, the SFS 50 cm soil VWC had flashy responses
that increased the soil VWC above the NFS 50 cm soil VWC (Figure 7).

Between storm events, the soil VWC on the SFS was generally drier than the
NFS (Figure 7). Specifically, between storm events, the 10 cm soil VWC on
the SFS was on average 0.13, 0.17, and 0.22 at the near-stream, mid-slope,
and near-ridge positions, respectively. The NFS 10 cm soil VWC was 0.16,
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Figure 7. (a) Precipitation time series; Soil moisture at the (b) near-stream, (c) mid-slope, and (d) near-ridge landscape positions. At each landscape position, 10 cm
(light) and 50 cm (dark) depths are shown for north-facing slopes (blues) and south-facing slopes (reds). Missing data are due to sensor malfunction. The yellow shaded
region indicates the time period when soil moisture was compared in this study (21 January 2021-30 September 2021).

0.26, and 0.22 at the near-stream, mid-slope, and near-ridge positions, respectively (Figure 7). Deeper within the
soil, at the near-stream position, the 50 cm soil VWC was on average 0.16 on the SES and 0.18 on the NFS. At
the mid-slope position, the 50 cm soil VWC was 0.24 on both the SFS and NFS. At the near-ridge position, the
50 cm soil VWC was 0.24 on the SFS and 0.27 on the NFS (Figure 7).

At the start of the summer 2021, the soil VWC was higher on the NFS compared to the SFS, except at the 50 cm
depth mid-slope position where the soil VWC was similarly 0.19 (Figure 7). From April to May, the SFS dried
down more than the NFS across all landscape positions and depths. By July, the 10 cm soil VWC dried down
below 0.06 on both the NFS and SFES. At the 50 cm depth, the SFS soil VWC drying had plateaued in June while
the NFS continued to dry down until September (Figure 7). At the end of the growing season (October), the soil
VWC was similar between slope-aspects across all landscape positions and depths, except at the mid-slope posi-
tion, 50 cm depth, where the NFS was 0.09 drier than the SFS.

Observed water levels in boreholes indicated higher perched groundwater response on SFS compared to NFS

at the mid-slope and near-ridge landscape positions (Figure 8). During the period of observation for transient,
perched groundwater (27 January 2021-25 April 2021), water levels responded to incoming precipitation events
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Figure 8. (a) South-facing slopes groundwater time series and (b) north-facing slopes groundwater time series during the 2021 water year for the near-stream,
mid-slope and near-ridge landscape positions. Missing data at the beginning of the water year were due to delayed sensor installation and dashed lines represent no
water present at the bottom of the well. The yellow shaded region indicates the time period when perched groundwater duration was quantified for this study (27
January 2021-25 April 2021).

across all landscape positions on the SFS, but only responded at the near-stream position on the NFS. Here, the
dominant lithology is shale, which differs from the other sandstone-dominated landscape positions. On the NFS,
perched groundwater was measurable 99%, 0%, and 0% of the observation period for the near-stream, mid-slope,
and near-ridge positions, respectively. On the SFS, perched groundwater was measurable 21%, 98%, and 2% for
the near-stream, mid-slope, and near-ridge positions, respectively. While the perched groundwater level at the
SFS mid-slope wz stained throughout the observation period, perched groundwater levels at the near-stream
and near-ridge positions only responded directly to precipitation events.

5. Discussion: Frameworks to Explain the Unexpected Symmetry in Hillslope
Steepness and Saprolite Thickness Between Hillslopes With Opposing Aspects

A key goal of CZ science is to understand the relationship between the observed hillslope form and the past and
present dominant geomorphic and hydrologic processes operating within the hillslope (Anderson et al., 2021; West
etal., 2019). In the case of Arbor Creek Experimental Catchment, we observed similarities in the physical form (e.g.,
slope, average soil depth, and saprolite thickness) between hillslope aspects, despite distinct differences in microcli-
mates and vegetation. These observations deviate from current common expectations borne out of extensive work
in snow-dominated landscapes that suggest cooler, densely vegetated NFS will have steeper slopes, thicker soil, and
thicker saprolite compared to warmer, sparsely vegetated SES (Pelletier et al., 2017). Here, we contextualize our phys-
ical observations based on topographic analysis, soil pits, and geophysical measurements with relevant literature and
in situ hydrologic measurements (e.g., soil moisture and perched groundwater) to provide potential explanations for
the observed hillslope symmetry between aspects. Lastly, we discuss how the observed physical and ecohydrologic
characteristics of Arbor Creek Experimental Catchment compare to current slope-aspect conceptual models. Our
work highlights the importance of investigating CZ development between slope-aspects in rain-dominated climates.

We introduce two frameworks with non-exclusive mechanisms that may explain the symmetry in slope, and average
soil depth and saprolite thickness between hillslopes with opposing aspects (Figure 9). The first framework explores
how contemporary environmental conditions promote processes that can contribute to the similarities in the phys-
ical CZ of the NFS and SFS within Arbor Creek Experimental Catchment. The second framework considers how
past climate and vegetation distributions could contribute to the present-day hillslopes form. Here, we argue that we
must consider both frameworks in tandem to fully understand the development of the CZ we see today.

5.1. Contemporary Framework: Present-Day Similarities in Saprolite Weathering and Sediment Fluxes
Between Hillslopes With Opposing Aspects

The Contemporary Framework explores present-day mechanisms that may contribute to the observed similarities
in average saprolite thickness, soil thickness and slope between hillslopes with opposing aspects. These observed
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a) Contemporary Framework: Present-day similarities in weathering and
sediment fluxes between hillslopes with opposing aspects

South-facing slope

b) Legacy Framework: Past climate and vegetation mask the present-day
differences in weathering and sediment fluxes

wetter, cooler, climate
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Figure 9. Two frameworks to explain similar hillslope steepness and/or saprolite thickness between hillslopes with opposing aspects. (a) Contemporary Framework:
Present-day similarities in saprolite weathering and sediment fluxes between hillslopes with opposing aspects, despite aspect-dependent mechanisms. Similarities in
sediment fluxes may be due to a balance between animal burrowing on the south-facing slopes (SFS) and wind-throw on the north-facing slopes (NFS). Similarities
in saprolite weathering may be due to a balance between hydrologic dominated weathering on the SES and hydrologic and biotic weathering on the NFS. (b) Legacy
Framework: Past climate and vegetation effects on sediment fluxes and weathering may mask the present-day differences in weathering and sediment fluxes. There
may have been similar sediment fluxes and saprolite weathering on the SFS and NFS because of the presence of woody vegetation on both slopes. Alternatively,
material loss and production rates may have varied over geologic time, resulting in observed symmetry today. More time may be required under the current vegetative
and climatic conditions to produce the expected critical zone asymmetries between aspects due to variable rates over geologic time. The gradient and dashed
saprolite-weathered bedrock boundary represent the uncertainty in the past saprolite thickness between hillslope aspects.

similarities suggest that there is a uniform rate of saprolite weathering, soil production, and sediment transport
across both slopes. However, we argue that the specific mechanisms driving these similarities vary by aspect.

5.1.1. Saprolite Weathering

One explanation for similar saprolite thickness between hillslopes with opposing aspects is that total saprolite
weathering from both chemical and biological processes is uniform between slope-aspects. Within Arbor Creek,
we observed more persistent perched shallow groundwater at the saprolite-weathered bedrock interface on the
SFS, except at the NFS near-stream position, which is dominated by a different lithology than the rest of the
study site (shale instead of sandstone; Figure 8). We hypothesize this perched groundwater presence enhances
lateral flow, which accelerates chemical weathering on the SFS (Rempe & Dietrich, 2014; Wang et al., 2021). In
contrast, lateral flow toward the stream on NFS may be lower due to limited saturated conditions in the saprolite
from oak tree water uptake during the growing season. At the same time, deeply rooted oak trees on NFS may
enhance biologically-driven weathering. Therefore, we hypothesize that the cumulative effects of reduced chem-
ical weathering by limited lateral flow and enhanced biological weathering from vegetation on the NFS balance
the heightened chemical weathering on SFS and may explain the observed symmetry in saprolite thickness across
slopes.

Lateral flow toward the stream channel can occur at a portion of the subsurface where there is a sharp decrease in
permeability with depth (Brantley et al., 2017). This perched, lateral drainage of fluids and subsequent replenish-
ment with meteoric fluids is a process that has been proposed to dictate the extent of subsurface chemical weath-
ering (Rempe & Dietrich, 2014). Since our geophysical results show uniform saprolite thickness across slopes,
it suggests that if this specific weathering process acted in isolation, it would require lateral flow to be uniform
across slopes. However, we observed a more persistent perched groundwater response on the SFS compared to
the NFS, suggesting that the SFS may have a higher occurrence of lateral flow.

As stated above, one possible explanation for why we observe symmetry in saprolite thickness between hillslopes
with opposing aspects may be due to the deeply rooted oak trees on NFS. Several mechanisms allow plant roots
to directly and indirectly promote subsurface weathering processes (Brantley et al., 2017; Pawlik et al., 2016).
For example, strain-induced porosity production due to root-wedging between existing fractures may contribute
significantly to subsurface weathering (Hayes et al., 2019). Abiotic chemical weathering is strongly influenced by
plant water uptake and redistribution, which can alter weathering pathways (Lucas, 2001). As deeply rooted oaks
utilize water stored within the saprolite for transpiration (Hahm et al., 2020, 2022), depletion in water content
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within the saprolite during the growing season could slow water residence times and increase the production of
solutes.

Our observation of similar saprolite thickness across slope-aspects despite differences in vegetation and perched
groundwater responses suggest that Arbor Creek Experimental Catchment may serve as an interesting site to inves-
tigate the relative importance of saprolite weathering via chemical loss (chemical weathering) and volumetric strain
(physical weathering) (sensu Hayes et al., 2019; Riebe et al., 2021). To better understand the controls on subsurface
weathering, future research should pair the seismic refraction surveys presented in this study with rock sample bulk
geochemistry (e.g., ratios of immobile elements), physical properties analyses (e.g., bulk density, porosity) and a
rock physics model (following Hayes et al., 2019). While this approach can not directly discern biotic-induced
chemical weathering from water-driven chemical weathering, it can help disentangle the saprolite weathering
driven by chemical loss (chemical weathering) and strain-induced porosity production (e.g., root-wedging).

5.1.2. Soil Production and Sediment Transport

Although we did not explicitly investigate erosion or soil production rates within this study, we provide a related
hypothesis and justification for a potential driver of symmetry in hillslope steepness and soil thickness between
slope-aspects. Based on the observed similarities in average soil thickness and hillslope steepness between aspects,
we hypothesize that the soil production and sediment transport are similar despite variations in the dominant erosional
and soil production processes operating. Specifically, we hypothesize that the balance between root-induced
hillslope stabilization and sediment transport via wind-thrown trees may contribute to a net downslope sediment
flux equivalent to the sediment flux on SFS from animal burrowing (Figure S6 in Supporting Information S1).

Small mammal burrowing is potentially a significant mode of sediment transport and soil production in steeply
sloped and soil-mantled hillslopes (Black & Montgomery, 1991; Gabet et al., 2003). Although knowledge on
the role of animal burrowing on sediment transport is limited to a few species and ecoregions, previous stud-
ies have identified a relationship between animal burrows and incoming solar radiation (Hall & Lamont, 2003;
Ubernickel et al., 2021). For example, Ubernickel et al. (2021) conducted an inventory of burrowing animal
entrances between NFS and SFS across four study sites with a hydroclimatic gradient in Chile. Their inventory
revealed that the majority of small-animal entrances were located on the NFS, which have higher incoming solar
radiation in the southern hemisphere (Poulos et al., 2012). They hypothesized that although more food and shelter
may be present on the densely vegetated SFS, warmer temperatures on the NFS during the winter months may be
favorable habitat for burrowing animals long-term.

Increased woody vegetation on a landscape can also have important implications for sediment transport and
soil production due to higher rates of bioturbation (e.g., root decay, and wind-throw) (Gabet & Mudd, 2010).
Although little research exists to the authors' knowledge on the causes, effects, and prevalence of wind-throw in
oak woodlands, there are several studies investigating the effects of forest regeneration after wind disturbance
in mixed-deciduous forests that include oaks (Gotmark & Kiffer, 2014; Szwagrzyk et al., 2018). These studies
suggest that wind-throw may be an important component of forested disturbance regimes (Cannon et al., 2017),
which has unknown consequences for sediment transport and soil production. Therefore, more research is needed
to have a better understanding of the potential for wind-throw to promote sediment transport on tree-dominated
NES, compared to grass-dominated SFS.

Similarities in average soil thickness and slope across our study hillslopes suggest that within Arbor Creek Exper-
imental Catchment, prevalent animal burrowing on the warmer SFS may lead to equivalent sediment transport
downslope by bioturbation (e.g., animal burrowing and tree-throw) on the NFS over long time scales. Future
research to test this would require quantifying animal burrowing between hillslopes with opposing aspects
through field surveys (Dixon et al., 2009) and quantifying the sediment flux due to wind-throw by a tree census
(Samonil et al., 2020) or estimating surface roughness with high resolution topographic data (Doane et al., 2021).
Additionally, future work using cosmogenic radionuclides to measure hillslope erosion and soil production rates
between hillslopes with opposing aspects over long time scales should be used to determine if rates are similar
between hillslopes (Anderson et al., 2021; Granger et al., 1996; Heimsath et al., 1999).

5.2. Legacy Framework: Past Climate and Vegetation Mask the Present-Day Differences in Weathering
and Sediment Fluxes

One potential mechanism for hillslope steepness and saprolite symmetry between aspects that our study design
did not specifically address is the effect of past climates and vegetation distributions on CZ development.
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Specifically, despite the expectation that NFS should have steeper slopes and a thicker saprolite compared to SFS,
it is possible that the actively eroding landscapes of central coastal California require longer geologic time under
the current climatic conditions to produce the expected topographic and subsurface asymmetries (Figure 9b).
This is supported by previous studies that have demonstrated that delayed geomorphic adjustments to climatic
fluctuations can lead to complex contemporary observations of soil erosion, soil thickness and topographic gradi-
ents (Heimsath et al., 1999; Hudson-Rasmussen et al., 2023; Hughes et al., 2009).

The physical structure of the CZ we observe today is an integration of climatic, hydrologic, vegetative, and lith-
ologic processes that occur across a range of timescales. For example, timescales relevant for vegetation shifts
can range from decades to centuries (Corlett & Westcott, 2013), while rock weathering patterns emerge over
millennia to hundreds of millennia (Lebedeva & Brantley, 2020). For our study, if we estimate a 0.05-0.10 mm/yr
erosion rate in the California Central Coast Ranges (sensu Montgomery, 1993), the maximum and minimum time
required to develop the observed 6 m thick saprolite is 60,000-100,000 years. Therefore, we can assume that
saprolite thickness is not only dictated by the climatic and vegetative conditions during the present-day Holocene
but also by the Late Pleistocene (129 to 11.7 Ka). Paleoclimatic records from across California suggest that
during the Pleistocene, climatic conditions were cooler and wetter, with potentially more intense precipitation
events compared to the present-day Holocene (Daniels et al., 2005; Kulongoski et al., 2009).

Climatic shifts can have important implications for vegetation dynamics (Heusser, 1998) that can influence soil
development and erosion, weathering rates and subsurface water storage (Hagedorn et al., 2019; Ivory et al., 2014;
Jackson et al., 2000). The transition from the wetter, cooler Pleistocene to the warmer, drier Holocene contrib-
uted to a dramatic shift in dominant vegetation composition across California (Heusser, 1998). Pollen analyses
from sediment cores and Neotoma (packrat) middens suggest these landscapes were previously dominated by
Pinus species and that oak woodlands did not become well-established until the early-mid Holocene (Byrne
et al., 1991; Cole, 1983; Heusser, 1998; Mensing, 2005). Furthermore, Mensing (2005) suggested that if oak
trees were present during the late Pleistocene, it was “likely on the warmer SFS.” This suggests that the char-
acteristic grass-dominated SFS and oak-tree dominated NFS we observe today may only be a relatively recent
(~10,000 years) phenomenon. Therefore, it is plausible that the legacy of pine and oak trees on the SFS, and the
associated rock weathering (Hasenmueller et al., 2017; Pawlik et al., 2016), may contribute to the symmetry in
hillslope steepness and saprolite thickness between hillslopes with opposing aspects (Figure 9b).

An approach to investigating this could use numerical modeling to assess how variable climatic conditions (e.g.,
solar radiation and precipitation) influence vegetation compositions and soil moisture between slope-aspects. For
example, Zhou et al. (2013) used an ecohydrological Cellular Automata Tree-Grass-Shrub Simulator to model
the role of variable precipitation, solar radiation, and soil moisture on the distribution of juniper pine, grass,
and creosote bush shrubs between slope-aspects over 10,000 years. We propose that this type of model could be
adapted to investigate the distribution of oaks, pines, and grasses across climatic shifts from the wetter, cooler
Pleistocene to the warmer, drier Holocene. Specifically, numerical modeling may be able to predict oak and
pine vegetation distributions between slope-aspects and the potential effects on soil water balances. While this
does not explicitly relate the vegetation distributions to erosion or subsurface weathering, pairing this vegetation
distribution model with a landscape evolution model could begin to tease apart the co-evolution of landscapes
with variable vegetation distributions.

5.3. Other Considerations

Spatial variability in hydrologic flow due to preferential flowpaths (e.g., rock fractures and macropores) and
lithologic heterogeneity (e.g., rock type and bedrock foliation), which may or may not be aspect-dependent, could
be contributing to the subsurface weathering patterns observed (Langston et al., 2015; Leone et al., 2020). For
example, within a catchment with aspect-dependent differences in vegetation underlain by sedimentary rocks in
Arizona, USA, Leone et al. (2020) combined seismic refraction and electrical resistivity tomography to reveal
that saprolite on the SFS was thicker than the NFS. They hypothesized that on the SFS, the well-foliated bedrock
dips at an angle that increases hydraulic conductivity, and vertical subsurface hydrologic flow promotes saprolite
development. This study highlights that other environmental factors (e.g., lithology) may be a stronger control
on hydrologic flowpaths and CZ development than microclimate between hillslopes with opposing aspects. A
better understanding of how dominant flowpaths and subsurface structure may influence each other could be
garnered with the coupling of more vertically resolved hydrologic measurements, high resolution geophysical
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techniques (e.g., ground penetrating radar and electrical resistivity tomography), and tracer or irrigation experi-
ments (Cassiani et al., 2009).

Another consideration that warrants future research is the magnitude of asymmetry that should be expected
between hillslopes with opposing aspects in regions across the energy to water limitation gradient (Inbar
et al., 2018; Nielson et al., 2021). For example, within a snow-dominated region at the semi-arid Reynold Creek
CZ observatory underlain by extrusive igneous rock, Nielson et al. (2021) combined snowpack and soil moisture
measurements with seismic refraction surveys to investigate saprolite thickness across an elevational gradient
with varying snow accumulation. They observed the greatest saprolite asymmetry at the high elevation site where
there was the greatest aspect-dependent difference in snow accumulation. In contrast, the low elevation site had
similar snow accumulation between slope-aspects and there were nearly identical saprolite weathering thick-
nesses. They attributed the lack of weathering asymmetry to similarities in soil VWC and water recharge rates
between NFS and SFS. These findings demonstrate that variability in soil VWC and recharge dynamics (e.g.,
magnitude and extent) can exert a strong control on the variability in soil and saprolite weathering.

Another example of variability in physical CZ asymmetry across precipitation gradients occurred in Southeastern
Australia (Inbar et al., 2018). Inbar et al. (2018) observed variability in slope and soil depth differences between
slope-aspect along a climogradient with mean annual rainfall from 400 to 2,500 mm. Their results revealed that
maximum slope and soil depth asymmetry occurred in the transitional “goldilocks” regime between the wet and
dry end member conditions. They hypothesized that variability in CZ physical asymmetry was a result of differ-
ences in vegetation cover, fire recurrence intervals, and soil hydraulic properties, which were all highly sensitive
to differences in precipitation amounts. Therefore, while we observe strong contrasts in vegetation cover between
slope-aspects (grass vs. tree) in Arbor Creek Experimental Catchment, the relatively low precipitation inputs
(average 600 mm/yr) relative to the region's high evapotranspiration demand may contribute to the lack of asym-
metry observed. This further supports that a one-size-fits all model of aspect controls on hillslope steepness, soil,
and saprolite thickness may not capture CZ physical variability across ecoregions important to predict dominant
CZ functions.

6. Conclusion

Within a semi-arid, rain-dominated landscape underlain by sedimentary rocks, we used a multidisciplinary
approach to investigate the influence of microclimates on CZ structure between hillslopes with opposing aspects.
We observed that CZ structure between hillslopes with opposing aspects does not fully align with current concep-
tual models from the literature that are largely based on snow-dominated landscapes underlain by igneous rocks.
We found that on a regional scale, decreased solar radiation correlated with increased tree presence. This aligns
with observations within our focus study site, Arbor Creek Experimental Catchment, where the cooler NFS was
dominated by oak trees and the warmer SFS was dominated by grasses. However, the hillslope steepness and
saprolite thickness was similar between these hillslopes, which was counter to expectations.

We present two frameworks to explain the observed similarity in hillslope steepness, soil and saprolite thickness
between hillslopes with opposing aspects. These non-exclusive frameworks highlight the importance of past and
present ecohydrologic processes to alter subsurface water storage and movement, which has consequences for
long-term CZ development. Further research applying these hypothesized mechanisms across rain-dominated
systems with different precipitation magnitudes, vegetation types, and geologic settings can better constrain the
prevalence of these potential mechanisms. In addition, the integration of lithologic heterogeneity, paleovegetation
distributions and plant-driven alterations in hydrologic flowpaths into numerical models is an exciting frontier in
understanding aspect-dependent CZ development. Such research is critically needed to identify the relationship
between vegetation, hydrologic flowpaths and weathering, which has important implications for water resource
management and ecosystem health in a changing climate.

Data Availability Statement

All data used in the publication are cited in the references and hosted on Consortium of Universities for the
Advancement of Hydrologic Science, Inc. (CUAHSI)'s web-based hydrologic information system (Hydros-
hare). A. M. Donaldson (2023). Symmetry in hillslope steepness and saprolite thickness between hillslopes with
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