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ABSTRACT
Burns, Ethan F. (M.A., Geography)

Ecohydrologic Dynamics of Rock Moisture in a Montane Catchment of the Colorado Front
Range

Thesis directed by Associate Professor Holly R. Barnard

Warming across the western United States continues to reduce snowpack, shift melt dates, and
increase atmospheric demand, leading to uncertainty about moisture availability in upland forest
ecosystems. As many of these forests are characterized by thin soils and extensive rooting into
weathered bedrock, deep vadose zone water is thought to be a central determinant in controlling
late-season water availability and may mitigate water stress during a changing climate. A key
impediment to understanding the role of the deep vadose zone as a reservoir lies in the challenge
of quantifying the plant-available moisture held here and its relationship to snowmelt and rainfall
timing. In this study, we quantify the spatiotemporal dynamics of rock moisture in a montane
catchment of the Colorado Front Range. Direct measurements of rock moisture were accompanied
by intensive monitoring of precipitation, transpiration, soil moisture, tree stress, and groundwater
levels to elucidate the role of deep vadose zone moisture in sustaining transpiration and mitigating
drought stress. Repeat NMR and neutron probe measurements in six boreholes spanning a catena
of hillslope positions showed dynamic rock moisture is widespread. The magnitude of dynamic
rock moisture change mirrors aboveground vegetation density, while the depth of dynamic water
is confined to the uppermost weathered portions of the deep vadose zone (between the soil-
saprolite interface and 5 m). Lower bound estimates of dynamic storage show weathered rock on

southern aspects account for at least 9-12 % of the mean annual precipitation. Persistent
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transpiration and discrepancies between estimated soil matric potentials and predawn leaf water
potentials suggest rock moisture may mitigate drought stress. These findings provide some of the
first direct measurements of rock moisture storage and use in the Rocky Mountains and support
previous work that indicates rock moisture use is not just confined to periods of drought or to

Mediterranean and semi-arid climates.
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INTRODUCTION
Transpiration is the dominant terrestrial flux in the hydrologic cycle and can account for more than
two-thirds of total evapotranspiration in many upland catchments of the western United States
(Alton et al., 2009; Jasechko et al., 2013; Li et al., 2019). Movement of this near-surface water has
consequences for watershed processes including landscape evolution, carbon storage, streamflow,
groundwater recharge, and nutrient cycling (Brantley et al., 2017). Describing and accurately
quantifying the partitioning, storage, and flux of water from the root zone into the canopy is
fundamental to our understanding of Earth-surface processes, crucial to accurately predicting
ecosystem vulnerability to environmental change, and of great societal and scientific interest
(Brooks et al., 2015). However, our knowledge of the spatiotemporal distribution of plant-
available moisture storage and consequent uptake remains incomplete for many ecosystems and

landscapes.

Historically, many studies of transpiration and root-zone water availability have focused on the
soil where root density is often highest (Canadell et al., 1996; Schenk and Jackson, 2002).
However, across many hillslopes of the mountain west, field observations indicate that soils are
thin or nonexistent and are often underlain by thick envelopes of weathered, unsaturated rock (St.
Clair et al., 2015; Leopold et al., 2013; Rempe and Dietrich, 2014; Wald et al., 2013). It has long
been observed that woody plants often root into this weathered layer (Hellmers et al., 1955; Lewis
and Burgy, 1964; Stone and Kalisz, 1991). In Mediterranean and semi-arid climates, plants may
access moisture stored in this weathered rock (Rose et al., 2003; Salve et al., 2012; Zwieniecki and

Newton, 1996). This “rock moisture” — similar in concept to soil moisture — refers to moisture held



above the water table but below the soil horizon in saprolite, sap rock, and/or fractured bedrock
(Salve et al., 2012), and has been shown to account for as much as 27% of the total
evapotranspiration in some instances (Rempe and Dietrich, 2018). Estimates of bedrock water-
storage capacity can explain vegetation distribution (Hahm, Rempe, et al., 2019), as well as
vulnerability to drought (Hahm, Dralle, et al., 2019; Hahm et al., 2020; McDowell et al., 2019).
Rock moisture use has even been confirmed in locations with relatively shallow water tables
(Hahm et al., 2020). Notably, a recent water-budget approach using remote sensing by McCormick
et al. (2021) indicated that rock moisture use is not only widespread but likely the norm in many
climatic, topographic, and ecological settings. As McCormick et al. (2021) suggest, rock moisture
dynamics may be as important as soil moisture in understanding terrestrial water and carbon

cycling as well as ecosystem response to environmental change.

Understanding rock moisture partitioning, storage, and use is particularly important in montane
catchment ecosystems of the western United States. These catchments are critical sources of water
for human use (Bales et al., 2006; Mote et al., 2005), serve as an increasingly important
continental-scale carbon sink (Pacala et al., 2001; Schimel et al., 2002), and are home to millions
of people living in the wildland-urban interface (Theobald and Romme, 2007). Montane forests
are also among the most vulnerable to anthropogenic climate change (Beniston, 2003; Millar et
al., 2007). Over the last 60+ years, warming has reduced snowpack, shifted snowmelt dates earlier
into the spring (Harpold et al., 2012; Mote et al., 2005, 2018), and lengthened growing seasons.
The implications of such shifts for montane ecosystems and downstream communities are notable.
Snowmelt is a primary driver of groundwater recharge (Earman et al., 2006), streamflow

(Berghuijs et al., 2014; Godsey et al., 2014), and forest productivity (Hu et al., 2010; Trujillo et



al., 2012). Given that rock moisture may serve as a buffer to moderate the impacts of climate
change (Klos et al., 2018), this reservoir will likely impact how forests respond to longer growing
seasons and shifts in precipitation regimes. While work in rain-dominated catchments has begun
to elucidate the spatiotemporal dynamics of rock moisture use and storage (Hahm et al., 2020;
Rempe and Dietrich, 2018), questions remain about the role rock water plays in sustaining

transpiration or mitigating drought stress in upland snow-dominated catchments.

In this study, we investigate the ecohydrologic dynamics of rock moisture in weathered gneiss
bedrock and its role in sustaining transpiration in an upper montane catchment of the Colorado
Front Range. We ask: (1) Does rock moisture contribute to transpiration in this ecosystem? (2)
How does the relative contribution of rock moisture to transpiration vary with respect to subsurface
structure and vegetation density? (3) Might the uptake of rock moisture mediate drought-stress in
upper montane tree species? We examine these questions through intensive monitoring of moisture
storage and fluxes across one growing season. We utilize a suite of geophysical, tree physiological,
and hydrologic instrumentation including; Nuclear Magnetic Resonance (NMR) and neutron
probes, in situ soil moisture and sapflow sensors, meteorologic instrumentation, and groundwater

pressure transducers.

MATERIALS and METHODS
Site Description:
Gordon Gulch is a 2.6 km?, headwater catchment located at 2700 m in the upper montane zone of
the Boulder Creek Watershed, Colorado, USA (40.028 N, 105.488 W) (Figure 1). Gordon Gulch

and Boulder Creek are within the traditional territories of the Arapaho, Cheyenne, and Ute peoples



and until Euro-American colonization, served as critical winter camping territory (Crifasi, 2015).
Post-colonization records of forest disturbance indicate a stand-replacing fire that burned in 1859
(Goldblum and Veblen, 2013). Stumps in the study area show sparse logging across the catchment
in the 1930s and 1970s, while a 2004 fuels-reduction project created small clearings on portions

of the north- and east-facing slopes (Figure 1).
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Figure 1. Digital elevation model (DEM) of Gordon Gulch with location of boreholes, groundwater
wells, and meteorological station indicated. Mid-S, Lower-S, Upper-N, and Lower-N all have
associated sapflow and soil moisture instrumentation. Circles with crosses indicate groundwater
wells located on the hillslopes on both aspects. Yellow polygon indicates rough extent of thinning
project near the Cut-Plot-N borehole. DEM and map modified from Warrell (2011).

A semi-arid catchment, Gordon Gulch receives an average of 527 mm yr!of precipitation with
peak precipitation arriving between April and June. Mean annual temperature is 5.3°C (data from
PRISM Climate Group, 1980-2020) (https://prism.oregonstate.edu/). Like many Front Range
catchments, aspect drives variability in energy balances, forest cover, and weathering. North-
facing slopes retain continuous snowpack throughout the winter, whereas southern aspects display
heterogeneous and transient snow. In the upper catchment where this study took place, mixed,

ponderosa pine (Pinus ponderosa) and lodgepole pine (Pinus contorta) woodlands dominate



southern aspects with occasional stands of Douglas-fir (Pseudotsuga menziesii). Northern aspects
are densely forested by lodgepole pine and minor amounts of Douglas-fir. Quaking aspen (Populus

tremuloides) groves are found along the riparian zone at the catchment valley bottom.

Belowground, Gordon Gulch is underlain by thick envelopes of weathered sillimanite gneiss. Soils
(mobile regolith) are typically thin (~0.4 m) with slightly thinner soils on south-facing hillslopes
than on northern aspects. Depth to saprolite on north aspects along the valley bottom are much
deeper with an average of 80 cm depth (Anderson et al., 2021). Below the soil layer, shallow
seismic surveys by Befus et al. (2011) and St. Clair et al. (2015) indicate relatively uniform depths
of weathering across both aspects in the uppermost reaches of Gordon Gulch. Saprolite extends to
4 m below the land surface while unweathered material is reached at roughly 15 m (Befus et al.,

2011).

Borehole and Plot Descriptions:

Boreholes, drilled in 2014 and cased with PVC to one meter, provided access into the deep vadose
zone. Three boreholes on the southern aspect, Upper-S, Mid-S, and Lower-S, span a range of
hillslope positions, forest densities, and reach depths ranging from 5.6 to 9.7 m (Table 1). All three
locations have thin soils (= 0.3 m) and saprolite extending down below the soil 2-4 m. The Upper-
S plot consists of half lodgepole-pine forest and half open meadow while Mid-S is more densely
forested with Douglas-fir, ponderosa pine, and lodgepole pine. Downslope, Lower-S contains a

lower-density ponderosa pine and lodgepole woodland (Table 1, Figure 2).
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Table 1: Plot and borehole info. Yellow shading indicates plots with sapflow and soil moisture

instrumentation.
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Figure 2: Conceptual cross section showing boreholes and landcover across both aspects.
Boreholes and depths of soil and weathered rock are not to scale. North facing slopes are more
densely forested with deeper soils in the lower hillslope position.



On the north aspect, one borehole drilled to = 11 m in 2014 (Cut-Plot-N) and cased with PVC to
one meter was used. However, as this borehole was located in a clear cut made in 2004 during a
fuel-reduction treatment, we installed two new shallow boreholes (Upper-N and Lower-N) in fully
forested locations. Drilled in March 2021, using a backpack-style drill (Shaw Tool of Yamhill,
Oregon, USA), Upper-N is located near the ridge top where soil depth is similar to those found at
Mid-S and Lower-S (Table 1). Upper-N is forested with lodgepole pine and few Douglas-fir.
Unlike all other locations, Lower-N is in a convergent landscape position at the toe slope with
relatively high-density lodgepole pine. Here, soils reach depths of roughly 0.9 m (Table 1). Four
of the six boreholes, Mid-S, Lower-S, Upper-N, and Lower-N, were selected to house collocated
sapflow and soil moisture plots. Sapflow and soil moisture sensors were not installed at the Upper-
S and Cut-Plot-N boreholes as these locations had few mature trees large enough for sapflow

sensors and were located at or near campsites where tampering was possible.

Precipitation:

Liquid precipitation data were collected continuously throughout the water year by a tipping-
bucket rain gauge (TR-525m, Texas Electronics, Dallas, TX USA) at the south-facing Gordon
Gulch Meteorological Station approximately (1.5 km) east and south of the study plots (Figure 1).
Snow water equivalent (SWE) was measured approximately every 2-3 weeks between January and
May using a federal-style sampler along a snow course paralleling the boreholes and sapflow plots.

Samples were taken every 10 m, for 10 measurements per aspect.



Quantifying Changes in Soil Moisture:

Volumetric water content (0s0i1) was measured at Mid-S, Lower-S, Upper-N, and Lower-N, where
sapflow was also measured. In plots Mid-S, Lower-S, and Upper-N sensors (HydraProbe, Stevens
Water, Portland, OR USA) were installed at 10 cm and at 30 cm (typically within 5 cm of the soil-
saprolite boundary). In the Lower-N plot, long-term sensors (CS616, Campbell Scientific, Logan,
UT USA) installed in 2009 as part of the Critical Zone program were located in at 5, 50, 100, and
138 cm. Soil moisture was recorded every 15 minutes and averaged to calculate daily mean soil
moisture. With sandy inorganic soils across the study site, HydraProbe sensors were set to the
GEN calibration setting, the standard calibration for the US Department of Agriculture’s SNOTEL
and NOAA'’s Climate Reference Networks. Stevens Water reports accuracy in volumetric water
content as + 0.03(m?* m™). Similarly, soil properties matched those required for the CS616 sensors
to be left at the standard calibration (Diek et al., 2013). Campbell Scientific reports accuracy in

volumetric water content as better than + 0.025 (m? m™).

Measuring Fluctuations in Groundwater:

Diel fluctuations of groundwater have long been linked to transpiration (White, 1932). To
determine if trees were likely sourcing moisture from the saturated zone, we analyzed water table
data for diel fluctuation from the two groundwater wells (GW-S and GW-N) approximately 500
m downstream of instrumented sapflow plots (Figure 1). Groundwater levels were measured every
10 minutes using Solinst pressure transducers (Solinst Ltd., Georgetown, Ontario Canada) and
corrected for changes in barometric pressure measured with Solinst Barologgers. Error in water
table levels after correction for atmospheric pressure is + 1 cm. To examine the correlations

between transpiration and diel groundwater fluxes, we followed methods similar to those used



by Bond et al. (2002). Thirty-minute average sapflux data, created by averaging sapflux from six
trees representing all three dominant species in the catchment, were paired with 30-minute
groundwater table data. Correlations between timing of sapflux and water level height were
analyzed separately for seven, 4 — 7-day time periods from June through September. For each
period, the Pearson’s correlation coefficient (r) between transpiration and groundwater level was
calculated for at 30-min lag intervals (relating transpiration to progressively later time periods of
groundwater levels) from 0 to12 h. The presence of groundwater was checked for and measured
manually in all boreholes every 2 weeks. Pressure transducers were not installed in any borehole

as the majority remained dry throughout the study.

Estimating Plot Level Transpiration:

Sapflow Sensor Installation:

To estimate plot level transpiration, we scaled measurements of sapflow from the tree to the plot
scale. One heat-ratio sapflow sensor (Burgess et al., 2001; Marshall, 1958) was installed on the
western side of 8 trees per plot. Sapflow trees represented the species composition and size
distribution of mature trees in the plot (Table 1). Sapflow was measured at two depths: 1 cm and
2.5 cm into the sapwood. For a description of installation see Kurpius et al. (2003). Data were
recorded every 15 minutes with a datalogger and multiplexer in each plot (CR1000X and

AM16/32b; Campbell Scientific, Logan UT, USA).

Error Correction and Conversion of Heat Flux to Sapflow:
Measured heat-pulse velocities were corrected for probe misalignment following Ambrose et al.

(2010). When sensor failure created gaps in our data set, a linear relationship was used to fill data



gaps where strong correlation (r? > 0.8) existed between trees. Heat flux was converted into a

sapflow velocity rate (cm hr'!) using the Barrett et al. (1995) modified (Marshall, 1958) equation:

Vs = [Vh pb(cw + mccs)]/ps X Cg

where py is the volumetric density of wood (kg cm™), cw is the specific heat capacity of wood
(1200 J kg'°C), ¢, is the specific heat capacity of water (4182 J kg °C™!), m, is the volumetric
water content of sapwood (cm? cm™); and ps is the density of water (0.001 kg cm™). Mean m. and
pvpwere calculated from tree cores (at least three samples were taken per species per plot throughout
the study period) from randomly selected trees co-located with sapflow plots. As we did not have
measurements of wounding through time, we used the minimum wounding width of 2.0 mm (1.4
mm drill hole plus 0.3 mm on either side as indicated by Barrett et al. (1995) to select coefficients
for the Burgess et al. (2001) polynomial correction. Thus, late-season corrected sapflow velocities

are likely a conservative estimate of actual flow.

Scaling to the Plot Level:

To calculate sap flow volumetrically, we multiplied Vs by the corresponding sapwood area of the
tree. Sapwood area for ponderosa pine and lodgepole pine was calculated from allometric
relationships between diameter at breast height (DBH), or 1.3 m, and sapwood area derived from
> 90 tree cores per species taken from across the catchment between 2013 and 2015. As no site-
specific relationship between DBH and sapwood area existed for Douglas-fir, all Douglas-fir trees
at each plot were cored at 1.3 m height after the summer field season to determine depth to

heartwood. Because each thermocouple measured fluxes at two depths, the sapwood area of each

10



tree was divided into concentric rings such that each thermocouple defined the inner edge of a ring
and provided a velocity for the sapflow in that area. The outer ring extended from the outer edge
of the xylem to 1 cm deep while the inner ring reached from 1 cm to 2.5 cm deep. In trees where
sapwood extended beyond the depth of our innermost sensor, a third ring was added between the
inner sensor and the heartwood. We assumed a linear decline in sapflow from our innermost
measurement to the heartwood boundary. Daily tree-level transpiration was then calculated by
adding the volume of sapflow from each concentric circle. Sapflow was scaled to the plot level
using species- and aspect-specific sapwood area to ground-area ratios following Pataki et al.

(2000).

Predawn and Soil Matric Potentials:

To compare the decline in tree-available soil moisture with transpiration rates and tree moisture
stress, we measured predawn leaf water potentials (Wpredawn) and calculated soil matric potentials
(Wsoil). Predawn leaf water potentials were measured every 2-4 weeks throughout the study period
with a Scholander-type pressure chamber (PMS, Corvallis, OR USA). During each survey
measurements were taken between 0300 and 0430 from three to four trees at each sapflow plot
and the mean leaf water potential reported. Water-potential values were corrected to ground level
using the height at which the samples were collected and a gravitational gradient of 0.01 MPa m!.
We estimated Wsoit from existing moisture release curves created from soils collected at 10 and 25

cm in Gordon Gulch in 2011 (Hinckley et al., 2014).

The wilting point of trees is often much lower than the “standard” wilting point or —1.5 MPa

(Kramer and Boyer., 1995). Thus, to further aid in our interpretation of tree moisture stress, we

11



calculated the percent loss of conductivity (PLC) for a given species at a given location and time
using species-specific vulnerability curves created by Pifiol and Sala (2000). Domec et al. (2004)
determined that the operating conductivity for Douglas-fir and ponderosa pine roots under moist
conditions ranged between 20-30 and 30-45 PLC, respectively. We can expect at higher PLC
values normal root function would become jeopardized (Domec et al., 2004). Thus, we classified
PLC values over 30 as stressed. As others have shown drought-induced mortality is nearly
ubiquitous across a range of taxa when embolisms lead to a loss of 60-80% of conducting xylem
(Adams et al., 2017; Hammond et al., 2019), we conservatively classified values between 60% and

80% as extreme and values greater than 80% PLC as fully compromised.

Quantifying Changes Rock Moisture:

Rock moisture was measured with repeat nuclear magnetic resonance (NMR) and neutron probe
surveys in all six boreholes. A total of seven NMR surveys were conducted with a Dart NMR
Logging System (Vista Clara, Inc., Mukilteo, Washington, USA) every 2-4 weeks between May
20" and Sept 27 (Table S1). Measurements were taken at 0.25 m intervals for the first 3.5 m of
depth and then at 0.5 m afterward. The volume of investigation is a shell, 0.23 m high, 1-2 mm
thick, with a radius of 6.5—7.6 cm, centered around the vertical axis of the instrument (Walsh et
al., 2013). Two recovery times were used (0.1 s and 1 s with 1000 and 100 stacks, respectively)
for both transmit frequencies to maximize signal quality for short relaxation times. This acquisition
scheme resulted in a total measurement duration of ~8 min at each depth interval. Data were
processed using commercially available software (Javelin Pro Plus 4.6, Vista Clara, Inc.). Both
frequencies were combined and a moving-window averaging filter was applied across four depth

intervals (~1 m to 3 m depth and ~ 2 m below this) to increase the signal-to-noise ratio. Volumetric

12



water content, Onm: (M m), was taken as the value of the multiexponential fit at time zero. Noise
level was calculated as the norm of the residuals after subtracting the multiexponential fit. The

instrument was periodically checked in a water bath to confirm <1 % drift from the calibration.

Neutron probe surveys conducted approximately biweekly with a 503 Elite Hydroprobe (Instrotek,
Concord, CA), ran from July 26" to September 14™. All neutron probe measurements began 0.25
m below the surface, lasted 32 s, and occurred at 0.25 m intervals to the bottom of the well or 7.25
m, whichever came first. The volume of investigation for neutron probes varies depending on
water content. Generally, the measured water content (6xp) is the mean for a sphere measuring 30
cm across in wet material and 60—140 cm in dry material (Bell, 1987; Gardner, 1986). Relative to
soils, a depth-by-depth calibration of neutron counts with water content was not feasible for the
inaccessible, heterogeneous weathered bedrock at the site. While accurate measurements of
absolute 8 with a neutron probe are challenging, relative changes are more precise (Seyfried et al.,
2001; Williams and Sinclair, 1981). Here, we report relative changes in Onp as calculated by a sand
equivalent calibration created by Rempe and Dietrich (2018). Comparing overlapping NMR and
neutron probe surveys provides greater confidence in the location and change in moisture content
measured by late-season NMR surveys. Due to issues in shipping radioactive material, the neutron

probe was not available for use at the study site until late July.

Uncertainty in both neutron probe and NMR measurement was estimated as the mean standard
deviation of repeat measurements taken across the field season. Repeat neutron probe
measurements were taken on the surface with the probe sitting on the case and at 3 m depth. Repeat
NMR measurements were taken with the instrument resting at the bottom of boreholes Upper-S,

Mid-S, and Cut-Plot-N, deep intervals that we assumed to have the minimum variation in water
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content of all measurement locations. Uncertainty in changes in water content measured between
early-season (wet) and late-season (dry) logs (AOnmr) was calculated using Gaussian error

propagation. Uncertainty in depth of the measurement was estimated as 0.5 cm.

Dynamic rock moisture storage, Sdynamic kv (mm m2), or stored water that is mobile either through
extraction by woody vegetation or gravity driven drainage, was calculated as the season-long depth
integral of ABrm. Assuming that the change in Orm occurred over the entire interval of sampling,
the difference in Orm (M m>) between wet-season (May 20" or June 2" ) and dry-season (Aug
17" or Sept 27") surveys provides a season long ABrm, Or , Sdynamic RM Teported as a change in
length per unit area (mm m) (Figure S1). Onmr values taken at locations where the season-long
ABrM was less than uncertainty or while the zone of exploration was overlapping the soil horizon

were removed and not included in Sgynamic RM calculations .

RESULTS

Meteorological Context:

Water year 2021 was a wetter-than-average water year for Gordon Gulch with a drier-than-average
late summer. The catchment received 625 mm of precipitation, 24% more than the 40-year annual
mean of 527 mm. Much of this precipitation arrived in May and June when precipitation totals
were 58% and 74% above the 40-year average respectively. Peak SWE, estimated to have occurred
on April 24", accounted for roughly 160 mm of the total precipitation on north-facing slopes but
only 96 mm on southern aspects. Total precipitation for late summer (July-September) was 60%

below average (114 mm).
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Soil Moisture:

While initial 05011 varied by plot, 8501 was largely depleted in all shallow soil locations by the end
of the water year (Figures 3, 4, and S2). In early June 6s,i1 at the Mid-S plot peaked at 0.18 + 0.03
m? m™ at 30 cm. Moisture content at Lower-S and Upper-N peaked nearly a month later at 0.20 +
0.03 m* m™. Moisture content in the soil layer then largely trended downward in all shallow soil
locations, reaching <0.07 + 0.03 m® m™ at 30 cm by the end of the water year (Figures 3, 4, and
S2). Soil moisture content at Mid-S was the lowest, 0.04 £ 0.03 m?> m> on Sept. 24", By
comparison, the north-facing, toe-slope plot, Lower-N, maintained higher 0s.ii values throughout
the study (Figure S3). At this site, Osi at 50 cm did not drop below 0.10 + 0.03 m* m™* until mid-
August while values at 100 cm remained above 0.18.0 + 0.03 m® m™ throughout the study (Figure

S3).
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Figure 3: Measured and calculated parameters for Mid-S Plot. a) Precipitation. A) Plot level
transpiration. B) Soil moisture with calculated matric potential overlayed in blue to red. C)
Calculated Percent Loss in Conductivity (PLC) values in green to red bars. D) Change in rock
moisture since the wettest survey on May 20%. 1) Transpiration continues (A) even as soil matric
potentials indicate soil moisture is not likely tree available (B). ii) Transpiration is still responsive
to rain events (a and A) even as estimated PLC values suggest shallow roots should no longer
function (C). iii) Greatest reductions in rock moisture (D) correspond with onset of low soil matric
potentials and high PLC values at 10cm (C).
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Figure 4: Measured and calculated parameters for Lower-S Plot. a) Precipitation. A) Plot level
transpiration. B) Soil moisture with calculated matric potential overlayed in blue to red. C)
Calculated Percent Loss in Conductivity (PLC) values in green to red bars. D) Change in rock
moisture since the wettest survey on May 20™. ii) Greatest reductions in rock moisture occur (D)
as shallow soils dry, matric potentials approach -1.5MPa (B), and roots become stressed (C). iii)
Transpiration is still responsive to rain events (a and A) even as estimated PLC values suggest
shallow roots should no longer function (C).

Groundwater:
Though some boreholes extended to nearly 11 meters, water was found in only two. In the shallow
borehole at the Lower-N plot, water was found receding from 1.75 m to below the bottom of the

borehole (2 meters below the surface) between May 20™ and June 22nd. On the southern aspect,

17



water was found in the Mid-S borehole during the first three NMR surveys. Water levels in this
borehole were measured at 8.1 m below the surface on May 20, 8.5 m below on June 2" and 8.35
m below the surface on June 22", The borehole was dry during and after the July 14" survey.
Interestingly, repeat NMR surveys showed no variation in moisture content of the surrounding
rock among surveys when water was found within the borehole and those when it was completely
dry (Figure 5). Such an invariant rock moisture content suggests water held at this depth is confined
to small fractures where the difference between field capacity and saturation is smaller than the

margin of error for the instrument.
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Figure 5: All repeat NMR surveys shown without associated error. A: Upper-S plot. B: Mid-S plot.
C: Lower-S plot. D: Cut-Plot-N. Note gradual and progressive drying near the surface in all
boreholes. Water was only found in the Mid-S plot. Water depths were measured manually three
times at this location corresponding with the first three NMR surveys. Mid-S borehole was dry
shortly after the June 22" NMR survey. Depth to water in May is indicated with the blue shading
above. Note no measurable change in moisture content at the bottom of Mid-S plot (B). This likely
indicates water at this depth is held in small factures (<2.3 mm across) where difference between
saturation and field capacity is below the measurement error (see table S1for calculations).
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Downstream of the study site, water levels in the groundwater wells (GW-N and GW-S) showed
both seasonal and daily fluctuations. Water levels in the GW-S peaked at 3.2 m below the surface
on May 2nd before dropping to roughly 6 m below by the end of June (Figure 6). A small peak,
following summer rain events, brought water levels back up to 5.5 m in July before levels began
to drop for the remainder of the water year. By August, the water table was more than 6 m below
the surface. Water levels in well GW-N rose from roughly 9.5 m below the surface in April to a
peak of 8.25 m in early May. Water levels then rapidly fell, dropping below 9 m below the ground

surface by June (Figure 6).
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Figure 6: Groundwater levels for Water Year 2021 at the southern aspect well (GW-S) and
northern aspect well (GW-N). Diel flux at both groundwater wells occurred during winter and
summer months.
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Water tables in both wells exhibited daily fluctuations during both summer and winter months.
The magnitude of diel fluctuations averaged 5.3 and 3.6 cm per day in the south-facing and north-
facing wells, respectively. In April and May, during the last snow melt, the diel signal “flattened”
as water tables rose rapidly (Figure 6). Daily changes in water table height returned to pre-melt
averages by early June. Correlations between transpiration and groundwater levels were weak (r >
-0.5) throughout much of the growing season. Correlations only became stronger than -0.5 (r = -
0.57 ,p < 0.0l and r = -0.54, p < 0.01) in GW-S and GW-N in early July and late September

respectively with 0.5 and 6 hour lags (Figure S4).

Plot-Level Transpiration:

When comparing scaled transpiration rates (mm m), similarly placed plots on opposing aspects
transpired comparable amounts across the study period. Opposing upslope plots, Upper-N and
Mid-S transpired 31 + 6.6 and 32 + 4.4 mm m™ respectively, while their downslope counterparts
Lower-S and Lower-N transpired 24 £ 2.9 and 20 + 4.6 mm m2. Omitting dates with precipitation
(and thus low VPD), south-facing plots exhibited higher early-season transpiration rates between
0.70 - 0.50 mm m d"! before declining rapidly to less than 0.1 mm m2d! by the end of August
(Figures 3 and 4). Transpiration rates in these south-facing plots (Mid-S and Lower-S) then
remained relatively stable until the end of the study on September 24™. North-facing plots, on the
other hand, showed lower early-season transpiration rates but more persistent late-season rates,

rarely dropping below 0.1 mm m2d! (Figures S2 and S3).
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Matric Potentials and Tree Stress:

Mean Wpredawn at all plots ranged from -0.2 MPa in early June to -1.6 MPa by mid-September
(Figure 7). While Mid-S exhibited slightly more negative values in May, for much of the summer
plot averages were closely grouped with no clear distinction between aspect or landscape position.
However, by late August, Lower-S showed greater stress, approaching -1.5 MPa while other plot
averages did not exceed -1.0 MPa (Figure 7). The final Wpredawn measurements in mid-September
at plots Mid-S, Lower-S and Upper-N (all shallow soiled locations) approached or exceeded -1.5
MPa while leaf-water potentials at Lower-N (a more deeply soiled location) remained < -1.0 MPa
(Figure 7). Estimated 10-cm soil-matric potentials showed both south-facing plots crossing the -
1.5 MPa threshold roughly one month earlier in late July to early August (Figure 7). Similar trends
occurred at the soil-saprolite interface (30 cm) in plot Mid-S where estimated matric potentials
dropped below -1.5 MPa in mid-August, eventually reaching values five times as negative as

concurrently measured leaf water potentials (Figure 7A).
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Figure 7: Comparisons between estimated soil matric potentials (orange and brown) and measured
Ypredawn (points with error bars) at: (A) Mid-S, (B) Lower-S, (C) Upper-N, (D) Lower-N. In both
south-facing plots (A and B) measured leaf water potentials remain equal to or less negative than
soil matric potentials at both 10 and 30 cm by the end of the study.

Estimated PLC for roots exceeded functional thresholds at both south-facing plots while remaining
largely within functional thresholds on north-facing plots. By mid-August, PLC values for roots
at 10 cm depth for all species in Mid-S and Lower-S plots exceeded the 60 % threshold. This same
pattern occurred at 30 cm in the Mid-S plot by September. PLC values at 30 cm in the Lower-S

and Upper-N plot remained at or below roughly 30 % throughout the study.

Comparing Transpiration, Soil Moisture and Matric Potentials:

Comparisons of plot-level transpiration alongside Osoi1 , estimated Wsoil, estimated PLC values, and
measured Wpredawn Show several important trends (Figures 3 and 4). Total transpired volumes at
Mid-S were greater than those at Lower-S and comparable to those measured at Upper-N, despite

having on average 28-35 % less volumetric water content at 30 cm than Lower-S and Upper-N
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respectively. Late-season measured Wpredawn in all shallow soil locations were generally much less
negative than estimated Wsi at 10 cm and in some instances even less negative than matric
potentials estimated for 30 cm. For example, at Mid-S estimated Wsoi at 30 cm, near the soil
saprolite transition, reached -1.5 MPa by August 17" while measured Wpredawn did not cross the -
1.5 MPa boundary until mid-September (Figure 7A). Similarly, during drying periods between
rain events, estimated Wsoit at Lower-S were roughly equal to or more negative than measured leaf
water potentials (Figure 7B). Transpiration rates increased in response to late-season rains, despite
estimated PLC values suggesting shallow roots were fully compromised (PLC values >80%) on

south-facing plots (Figures 3 and 4).

Quantifying Spatial and Temporal Distribution of Rock Moisture:

The vertical and temporal variability in dynamic rock moisture between and within boreholes was
captured by both NMR and neutron probe surveys. After removing the first 0.5 m of measurements
in each borehole to eliminate possible measurement of moisture held in the soil, dynamic rock
moisture was observed in all boreholes that extended below the soil-saprolite interface, regardless

of hillslope and land cover type.

Total storage (Sota) as measured by NMR down to 5 m ranged from 294 to 392 mm m™ or 57 to
93% of mean annual precipitation. Dynamic storage (Sdynamic mm m™ ) ranged from 19 to 64 mm
m? or 3.6 to 12% of annual precipitation (Figure 8). As neutron probe surveys were not calibrated
to provide accurate volumetric estimates or rock moisture, we did not calculate Siotat OF Sdynamic for
neutron probe. However, the direction and depth of measurable Afn, generally agreed with the

season long trends of decreasing ABum:. For example, while neutron probe surveys showed slightly
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greater decreases in both the depth and volume of dynamic rock moisture, both methods indicated
that dynamic moisture was concentrated between the soil-saprolite interface and a layer at
approximately 2 - 2.5 m with stable, low-water contents (Figure S5). NMR showed measurable
decreases below 2.5 m depth at only two boreholes, Upper-S and Mid-S, while no changes in rock
moisture were observed by NMR below 5 m (Figure 8). Late-season neutron-probe surveys
recorded very few decreases in rock moisture at depth as well. Only 3% of measurements below 3
m and <<1% (5 of 635 measurements) below 5 m showed any decrease in rock moisture. Such
non-varying moisture contents suggest that no dynamic storage exists at depth, or that changes
below 5 m were smaller than measurement uncertainty. Similarly, neither method showed an
increase in rock moisture below 1.5 m suggesting little to no vertical drainage during the summer
months (Figures 5 and S5). The few measurable increases in rock moisture that were observed
near the surface occurred after summer storms at boreholes Upper-S, Lower-S, and Cut-Plot-N,

locations with the lowest tree densities.
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Figure 8: NMR surveys of all deep boreholes showing change in rock moisture. Dark blue
represents the wettest survey (May 20th or June 2" ) while red indicates the driest survey (August
17" or September 27"). Shading indicates margin of error estimated from repeat measurements
taken with the NMR probe sitting on the borehole bottom (see materials and methods for detail) .
Water was found in the Mid-S borehole during May and June. Sdynamic, the difference between wet
and dry surveys where ABnm: > uncertainty, is reported for each well in mm m™.

The rate of change in rock moisture though time averaged between -0.5 mm d-! at Mid-S, the most

densely forested deep well location, to -0.2 mm d! at Cut-Plot-N, the most sparsely forested
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location. Change in rock moisture at Mid-S and Lower-S began in June and increased to a peak of
-1.06 and -1.19 mm d!' respectively before decreasing—and in the case of Lower-S, becoming
positive (Figures 3D and 4D). Boreholes Upper-S and Cut-Plot-N (both sparsely forested
locations) showed small increases in rock moisture at the near-surface in May and early June but
did not show any measurable decrease in rock moisture until August and September. Shallow
boreholes Upper-N and Lower-N, though not deep enough to provide estimates on rock moisture
storage, did show reductions in moisture at the soil-saprolite interface (Figure S2 and S3). At the
one measurement depth below the average soil depth, Upper-N exhibited a gradual reduction in
soil moisture throughout the season (Figure S2). Measured moisture at Lower-N on the other hand
varied between 8 and 10% volumetric water content until reaching a season low in September.
Interestingly, this season low was the only variation in moisture content greater than uncertainty
and occurred as roots in the uppermost layers of soil were becoming highly stressed (Figure S3).
This mirrors, albeit to a lesser extent, the patterns seen on south-facing slopes where rock moisture
draw down is greatest when roots at 10 cm experience potentially high rates of cavitation (Figures

3 and 4).

Measurement Uncertainty and Error:

Transpiration, Soil moisture, Matric potentials, and Groundwater:

Upscaling sapflow measurements creates numerous avenues for the introduction and propagation
of error. Though we addressed possible error due to sensor misalignment, wounding, site-specific
wood density, and moisture content (see materials and methods), various factors such as
assumptions about even distribution of sapflow-conducting xylem introduced uncorrected and

unmeasurable error. Here, reported error of plot-level transpiration represents sensor error (£8 %)
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(Steppe et al., 2010), uncertainty in sapwood area, and error introduced during scaling. Error of
total transpired volumes for each plot ranged from 13-27 %. As others have noted, sapflow
measurements can underestimate true sap flux density by as much as 35 % (Steppe et al., 2010).
This factor, taken with our conservative method of correcting for wounding in which we provided
only the minimum wounding width from sensor installation, suggests reported volumes likely
represent a conservative estimation of daily and total transpiration. Uncertainty in the measurement

of Bs0i1 was taken from manufacturer’s reported values (see materials and methods).

Rock Moisture and Groundwater:

Repeat NMR and neutron probe surveys provided quality estimates of dynamic rock moisture
storage and change in unsaturated weathered bedrock. Mean NMR noise levels were constant for
all measurements at 0.012 m*> m (standard deviation 0.0051 m* m?). In roughly 95 % of all
measurements signal exceeded noise so that the signal-to-noise ratio was greater than 1.
Uncertainty in rock moisture measurements from NMR (8umr) and neutron probe (8yp) surveys was
estimated from repeat measurements at specific depths within each well. The standard deviation
of all repeat Gumr (n = 20) ranged from 0.007 to 0.012 m* m™, with a mean of 0.009 m* m. The
mean standard deviation for repeat neutron probe measurements (n = 113) was 46 counts per 32 s,
or approximately a A8 of 0.003 m®> m>. Due to minor slipping and uneven well walls that
occasionally caught probe centralizers, vertical uncertainty was estimated at 0.5 cm. Via the
propagation of error, the uncertainty in A@nm: and A8y, was then calculated at 0.01 m* m™ and
0.006 m* m respectively. As we lacked a material-specific neutron probe calibration, we could
not directly compare Onmr and 6np. However, survey dates where both methods were used show

nearly a constant 2 to 1 relationship between methods with a linear relationship of y=1.9x+0.17 (12
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= 0.51, P<0.01). Uncertainty in the measurement of groundwater level was taken from

manufacturer’s reported values (see materials and methods)

DISCUSSION

Rock Moisture Contributes to Transpiration in Snow-Dominated Montane Ecosystem:

We found multiple lines of evidence that indicate transpiration drives reductions in rock moisture,
especially in areas with shallow soils. Geophysical surveys showed moisture held in this weathered
rock gradually declined throughout the growing season. In contrast, 0si in shallow-mantled
locations rapidly diminished following snowmelt or summer storms while patterns in groundwater
fluctuations were not closely tied to transpiration. Rock moisture depletion, ABrm, tended to begin
at the soil-saprolite interface and progress downward throughout the entire dry season. The greatest
reductions in rock moisture occurred in July and early August when transpiration rates remained
relatively high, Wsoi approached -1.5 MPa, and groundwater levels were low. Repeat NMR surveys
found no increase in Orm at depth >1.5 m suggesting growing-season gravity drainage is minimal.
We, therefore, hypothesize that the dynamic moisture observed across the catchment is primarily
controlled by transpiration. Though smaller in magnitude in terms of both depth and volume of
Sdynamic RM, this lack of vertical drainage and gradual drying match the patterns of rock moisture

withdrawal reported by Rempe and Dietrich (2018).

Transpiration continued at plots where plant-available soil moisture was largely depleted.
Estimated matric potentials at 10 cm on both south-facing plots exceeded -1.5 MPa (standard

wilting point) on July 24" and by July 29" matric potentials fell to -2.0 MPa, which is at or below
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the reported minimum growing season xylem matric potentials for Douglas-fir, ponderosa pine,
and lodgepole pine (Pifol and Sala, 2000). Despite these very low potentials, transpiration rates
continued steadily at around 0.1 mm m™ d-'. Because the 30 cm sensors were located at the soil-
saprolite interface and soil moisture increased with depth, we concluded soil moisture was no
longer tree available at the mid-S plot and confined to only the deepest soils at the lower-S plot by

early September.

The difference between estimated Wsoit and Wpredawn further suggests that the tree roots are accessing
water beyond the soil matrix. Matric potentials in both south-facing plots at 30 cm became less
than or equal to measured Wpredawn. At the mid-S plot, Wsoit was more than 5 times as negative than
measured Wpredawn in early August before reaching -8.5 MPa by the end of the study. Predawn leaf
water potentials have been shown to equilibrate with the most humid portion of the root zone,
providing potential artificially high estimates of the matric potentials (Ameglio et al., 1999; Sucoff,
1972). While this propensity limits the ability of measured Wpredawn to accurately represent plant
response to water stress, it suggests our observed differences between Wpredawn and estimate Wsoil
are even greater. Thus, while the differences observed at the Mid-South plot suggests trees are
accessing water from below the soil layer, trees in other shallow-soil locations where discrepancies

between Wpredawn and estimate Wsoil are less, may be sourcing moisture from depth as well.

While daily fluctuations of groundwater were observed in both downstream groundwater wells,
we found no evidence that these diel fluxes were driven by transpiration. Previous work examining
diel fluctuations in ponderosa pine and Douglas-fir dominated landscapes have suggested trees are

likely driving diel fluxes when correlations between groundwater or stream stage and transpiration
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are strongly negative (r < -0.70) with shorter lags (< 4 hours) (Barnard et al., 2010; Bond et al.,
2002; Graham et al., 2010; Harmon et al., 2020). Studies have also indicated that onset of diel
fluctuations tend to correlate with the growing season and that the amplitude of groundwater fluxes
increase when transpiration is high and hydrologic connectivity exists throughout the subsurface
(Bond et al., 2002; Harmon et al., 2020). However, in Gordon Gulch, diel fluxes occurred
throughout the entire calendar year, with no difference in the amplitude of fluctuations between
winter months (Jan-Mar) and summer months (Jun-Sept) suggesting other drivers of daily changes
in groundwater levels. Similarly, the relationship between transpiration and water table height
remained weak (r < 0.5) throughout much of the growing season. Notably, unlike previous work
in locations where transpiration drove diel fluxes, there was no clear pattern in correlation with
increasing lag as the summer progressed and subsurface layers dried (Bond et al., 2002; Graham
et al., 2010). Though it remains unclear as to what is driving the observed diel fluctuations, we
take the poor relationship between groundwater levels and transpiration to suggests trees are not
sourcing moisture directly form the saturated zone, further indicating rock moisture is a crucial

source of tree available water.

Reductions in Rock Moisture Mirrors Vegetation Density and Subsurface Structure:

Observed reductions in rock moisture mirrored aboveground forest densities and measured
transpiration rates. For example, 19 mm and 30 mm of dynamic rock moisture were measured by
NMR surveys in the Cut-Plot-N and Upper-S boreholes, respectively. These values, roughly 70
and 53 % less than what was observed at the Mid-S plot, correspond with a >95 and 47 %
difference in basal area. Similarly, comparisons among locations with both sapflow and rock-

moisture measurements showed increased rock moisture reductions where transpiration was
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greater. Total transpired amounts and rock moisture reductions at the Mid-S plot were 24 % and
22 % greater respectively than at the Lower-S plot. Other factors that might lead to variable water
use between plots further support the pairing of transpiration and rock moisture extraction. Soil
moisture was lower at the Mid-S plot while shallow seismic surveys by Befus et al (2011) and
fracture density counts by St. Clair et al. (2015) indicate similar weathering depths and fracture

densities at both locations.

Vertical distribution of dynamic rock moisture within a borehole corresponded with subsurface
structure. Previous seismic work in the uppermost portion of Gordon Gulch imaged unweathered
rock at 15 m depth (Befus et al., 2011). Intermediate velocity material extended to 4 m deep with
<2 m of low velocity on both slopes. Though the Befus et al. (2011) velocities assigned to soil and
mobile regolith suggest deeper soils than we found while installing soil sensors or what has been
observed in pits (Anderson et al., 2021), their total depth of low- and intermediate-velocity
materials correspond with the depth of dynamic rock moisture. Across the catena of hillslopes, the
greatest changes in rock moisture occurred below the soil-saprolite interface and 2 m depth. No

changes in rock moisture were observed below 5 m in any borehole.

This pattern of dynamic rock moisture being confined to depths with lower or intermediate seismic
velocities could be important for our understanding of water availability within Gordon Gulch and
elsewhere. For example, while some models and geophysical data have suggested weathering is
generally deeper on north- versus south-facing slopes, indicating potentially greater storage
(Anderson et al., 2013; Befus et al., 2011), others have found contradictory evidence suggesting

saprolite is either thicker on southern aspects or shows little variation between aspects (Bandler,
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2015; St. Clair et al., 2015). As our results show dynamic rock moisture is limited to depths
between the soil and 5 m or largely the saprolite layer, resolving these discrepancies in our

understanding of weathering depth will be critical in determining potential water availability.

Uptake of Rock Moisture May Mitigate Onset of Drought-Stress:

The uptake of rock moisture may mediate drought stress in upper montane tree species when soil
moisture is limited. Increases in estimated root PLC corresponded with the greatest reductions in
rock moisture at both south-facing plots. Previous work has shown mature ponderosa pine and
Douglas-fir trees are capable of significant hydraulic lift and redistribution (Brooks et al., 2002).
Others have shown hydraulic redistribution can vary by nearly two orders of magnitude, with
ponderosa pine values ranging from 0.2 to 1.0 mm d! (Neumann and Cardon, 2012). Domec et al.
(2004) showed ponderosa pine and Douglas-fir trees limit loss of shallow root function through
hydraulic redistribution. Though we have no direct evidence of hydrologic redistribution at our
site (i.e. daily fluctuations in soil moisture were within the margin of error for soil moisture
sensors), our transpiration measurements indicated that the trees remained responsive to late-
season summer rains even after estimated PLC exceeded 60%, suggesting roots at shallow depths
were potentially highly or fully compromised. Although calculated PLC values can be much more
negative than those measured in the field (Domec et al., 2004), the rapid response of transpiration
to small increases in shallow soil moisture suggests that the shallow root conducting system was
being maintained by sources of water beyond the bulk soil matrix. We speculate that hydraulic
redistribution of water maintained shallow root conductivity and preserved some shallow root
function (Domec et al., 2004). Through repeated electrical resistivity surveys, Mares et al. (2016)

suggested potential hydraulic redistribution on the south-facing slope in the lower elevation
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portion of Gordon Gulch. Though our data are limited to just two plots on the south-facing slope
where deep boreholes, transpiration, and soil moisture were co-located, our results suggest rock
moisture may be a source of deeper water that can be redistributed to shallow depths to maintain

shallow root function.

Implications of Rock Moisture:

While plant use of rock moisture is becoming well-documented in rain-dominated environments,
and recent work has shown rock moisture use to be widespread and routine (Hahm, Dralle, et al.,
2019; Hahm et al., 2020; McCormick et al., 2021; Rempe and Dietrich, 2018), understanding rock
moisture storage and use in snow-dominated montane catchments is of particular societal and
ecological importance. Snow-dominated montane catchments are critical sources of water for
human use (Bales et al., 2006; Mote et al., 2005), serve as an important carbon sink (Pacala et al.,
2001; Schimel et al., 2002), and are home to millions of people living in the wildland-urban
interface (Theobald and Romme, 2007). These ecosystems are also among the most vulnerable to

anthropogenic climate change (Beniston, 2003; Millar et al., 2007).

As temperatures warm and snowpack declines, rock moisture storage may directly impact tree
mortality and resiliency, particularly as systems move from energy-limited to water-limited. For
example, during the 2011-2016 drought in California, where high temperatures and low
precipitation led to widespread tree die off, variations in storage led to diverse and sometimes
counterintuitive responses. Goulden and Bales (2019) found that in areas where storage was
greater than precipitation, deep subsurface storage led to water stress during consecutive drought

years because storage was not replenished by precipitations. In these instances, wet years filled
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substantial subsurface storage beyond yearly transpiration levels. This excess storage then supplied
the necessary water for structural overshoot or growth beyond what could normally be supported
in an average water year. However, when multiple dry and hot years persisted subsurface reservoirs
became successively drier and the structural overshoot that occurred during wet years amplified
drying by increasing tree water demand. Hahm et al. (2019) reported similar patterns, labeling

these ecosystems, “precipitation limited.”

Hahm et al. (2019) also showed that in “storage limited” locations, where rock and soil storage
capacity is less than annual precipitation, rock moisture can mitigate drought stress. In these
locations, subsurface reservoirs are filled each year to the same level regardless of wet or dry year
status. Thus, trees in these areas experience the same level of stress each year and are “decoupled”
from annual precipitation. While more than 100 million trees died across California in the 2011-
2016 drought (USFS, 2016), Hahm et al. (2019) found no significant tree mortality at sites storage
was similar across years experiencing la a large range in rainfall totals. In contrast, where storage
capacity is large relative to annual rainfall totals, Hahm et al., (2019) posited that trees would be
strongly sensitive to the precipitation totals and vulnerable to drought. Though our study only
spanned one growing season and is therefore unable to elucidate multi-year patterns, it is likely
that similar storage-precipitation relationships exist at our snow dominated site. Further work,
across greater spatial and temporal scales is needed to clarify the role of rock moisture storage and

use under present and future temperature and precipitation regimes.
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CONCLUSIONS
This study documents growing season moisture sources to a mixed conifer forest within north- and
south-facing hillslope aspects in the Rocky Mountains. Soils supply moisture during wet periods
following snowmelt and summer rainfall events, and rock moisture supports late dry-season
transpiration. Groundwater is likely too deep to support vegetation across much of the study area.
Even in the wetter than average year, transpiration that occurs during the late dry season is likely
sourced from rock moisture. The timing of directly observed rock moisture depletion suggests that
rock moisture is lost to transpiration rather than vertical drainage. This study highlights the
significance of rock moisture storage dynamics in snow-dominated catchments and supports
previous work suggesting that rock moisture is central to water cycling in uplands regions. Further
work across greater spatial and temporal scales is needed to accurately incorporate the implications

of dynamic rock moisture into future predictions and management of upper montane forests.
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SUPPLEMENTAL TABLES and FIGURES

Table S1: NMR and neutron probe survey dates

NMR and Neutron Probe Surveys
Date NMR Neutron Probe
5/20/21 X
6/2/21 X
6/22/21 X
7/26/21 X X
8/3/21 X
8/10/21 X
8/17/21 X X
8/24/21 X
8/31/21 X
9/27/21 X X
Moisture Content (8)
Measurement
interval
AWi = Azi X A ei
—
N
S—
-
+ |Final © N\
Q. '\
Q Initial ©
AW = 2T AW,

Figure S1: Schematic showing how dynamic rock moisture (Sdynamic) is calculated. Assuming
water content is the same over a given depth interval, the change in water content at a given
interval (AW; ) is equal to the depth of that interval multiplied by the change in water content
measured for that depth interval. The total change in water content of the borehole (AW) is the
sum of all AW;.
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Figures S2: A Plot level transpiration. B) Soil moisture with calculated matric potential overlayed in blue to red. C) Calculated PLC
values in green to red bars. D) Change in rock moisture sense wettest survey on May 20™ for given depths. Malfunctioning sensor at
10cm limits insight into soil moisture content. NMR surveys in soil column (upper portion of panel D) show gradual drying similar
tolower north-facing plot



T oA Lower
¥
E Y
E 04
E8 il
E; M ““ I|| ||I|I|“| | ||I|||||"|I"| | |||Il||||||||||||||||I|I“l||||IIIIIII|IIII|||..
8 2|
'i_'; 100cmSensor T

0.2 waﬂsmmf S ..‘ ................................
E by |
o .
3 0.10 10 cm Sensor B e b Ao e —
3
= ¢
(3 e 5 cm Sensor

00  PICO 50 cm Sensor

June July Aug Oct

0.0
D
* - -
0.3
E
£
2 @ . .«
0.6
20 -0
Ave Soil Depth
LA
Max Soil Depth
0.00 0.05 0.10. 0.15 0.20
Moisture Content mm
NMR Survey Dates
¢ 20210520 @(-MPa) PLC (%)
¢ 20210602 . a0 .
¢ 2021.06.22 50 Not Functioning (>80)
40 Extreme (>60)
$ 20210716 e
® 2021-07-26 . Stressed (>30)
20210817 05
2021-09-29

Figures S3: A) Plot level transpiration. B) Soil moisture with calculated matric potential overlayed in blue to red. C) Calculated PLC

values in green to red bars. D) Change in rock moisture sense wettest survey on May 20™ for given depths. i) Measurable changes in

moisture at soil-saprolite interface only occur as roots in shallow soil become stressed.
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Figure S4: Correlation between transpiration and groundwater for the south facing groundwater
well (GW-S) and the north facing groundwater well (GW-N). Both show only moderate to poor
correlation with no pattern of increased lag as the subsurface dries.

46



2 -
NMR
4 -
E
£
a
[
(a]
6 -
July Survey |__—|
8 . August Survey [ | &

00. 01 02 03 00. 01 02 03
Moisture Content (m3m-3)

Figure S5: Side by side comparisons of NMR and neutron probe surveys completed on the same
dates. Neutron probe surveys are on the right of each panel and have lower associated error and
show that changes in moisture content (m*m) as measured by NMR are conservative estimates.
However, the two methods show similar depth of dynamic moisture and the same directional
change in moisture content.
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