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Abstract

Giant sequoias (Sequoiadendron giganteum) are adapted to a narrow ecological niche where
they endure long, dry summers, during which their water use may exceed ~2 m3/day. To meet
this demand, sequoias rely on subsurface water stores, the volume and distribution of which
remains uncharacterized. Here we use hydrogeophysics to quantify subsurface water content in
the Mariposa Grove of Giant Sequoias in Yosemite National Park. We use elastic full-waveform
inversion to constrain P- and S-wave velocities, then apply a geostatistical rock physics inversion
to estimate porosity and water saturation. Our results show broad zones of high water content
within the upper 2 m of the subsurface near drainages, whereas on hillslopes and ridges, areas
of high water content tend occur in deeper or in more isolated zones. Additional analysis of the
water content models shows that in order to avoid water stress throughout the summer,
hillslope and ridgetop sequoias probably access substantial volumes of deep (> 2 m) rock
moisture from weathered bedrock, implying that the extensive rooting systems of giant
sequoias probe deeper into the subsurface than previously thought.

Main Text

As the world’s largest trees by mass, giant sequoias have substantial ecological, cultural, and
economic importance, as they rapidly sequester carbon !, contain millennial records of climate
2, and draw millions of visitors 3. Giant sequoias have a restrictive natural range, occupying only
a narrow elevation band (1,400-2,400 m) of the western Sierra Nevada, where a Mediterranean
climate produces long, dry summers and temperate winters. During the summers, forest fires
enable sequoias to reproduce by opening their cones, whereas during the winters, large

volumes of snowfall accumulate, later melting and supplying recharge to subsurface water
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stores 4. This cycle of winter snow and summer fire is not only rare, but also delicate, and
contemporary environmental change threatens to restrict sequoia habitats further °. For
example, during the 2012-2016 California drought, diminished snowfall and hotter, drier

summers resulted in significant sequoia dieback °.

Giant sequoias are vulnerable to drought due to their high water demand, as mature trees
require up to 2 m3 of water per day during peak photosynthesis 7. Moreover, the months-long
dry period during the summer means sequoias lack access to significant sources of atmospheric
moisture, and therefore must rely on soil and rock moisture *2. Despite giant sequoia resilience
and survival being linked to subsurface water stores, below-ground data from sequoia habitats
are sparse, generally limited to soil moisture measurements in the upper meter 8. As a result,
little is known about how much subsurface water giant sequoias can access, what depths it

resides at, and how vulnerable it might be to drought and environmental change.

To address this knowledge gap, we characterize subsurface structures and quantify below-
ground water stores by applying two geophysical techniques. The first is time-frequency-phase,
full waveform inversion (FWI), which constrains P-wave velocity (Vp) and S-wave velocity (Vs)
from seismic data >0, The second is a geostatistical rock physics inversion that estimates
porosity and saturation from seismic velocities, thereby providing estimates of volumetric
water content throughout the subsurface 1. We apply these methods in the Mariposa Grove of
Giant Sequoias within Yosemite National Park, California, USA, which is home to over 500

mature giant sequoias 3. Our study consists of three geophysical profiles (Figure 1), all of which
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are located within a 0.1 km? area mantled by sandy soils derived from the weathering of the
underlying meta-volcanic bedrock 2. While the profiles span a variety of landscape positions

and topographic wetness index (TWI) values, climate and underlying geology are constant.
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Figure 1: The bottom left inset shows the bounds of Yosemite National Park marked in red
within California, USA. The primary map shows a section of the Mariposa Grove within
Yosemite. Several giant sequoias lie along the geophysical profiles, and many more sequoia
crowns within the study area can be seen via a canopy height map (first return lidar digital
elevation model (DEM) minus bare earth lidar DEM), filtered to show tree canopy 55 m and

taller in gray. The three mature giant sequoias studied here are labeled, A, B and C. Solid black
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lines are the three geophysical profiles from this study, with one profile located upon a ridge
(Ridge Line), another descending a hillslope (Hillslope Line), and a third within a drainage
(Drainage Line). Colors indicate the topographic wetness index (TWI) computed using the recipe

from 3 and a 0.5 m resolution digital elevation model.

Geophysical Imaging of Subsurface Structures and Water Stores

By combining the full waveform inversion velocity models with aerial and handheld lidar
derived point clouds, we create a series of images spanning treetop to bedrock (Figure 2). The
FWI models reveal a heterogeneous subsurface structure, with greater variability observed in
the S-wave velocity models than in the P- wave velocity models (as expected given the shorter
wavelengths of shear waves). Across our study site, the depth to weathered bedrock, marked
by velocities of ~1200 m/s in Vp 4, varies significantly across the profiles from 1 to 20 m. The
ridge profile has a thicker mantle of soil and saprolite, while the soil and saprolite are thinner
along the drainage profile, which shows high-velocity, intact bedrock within 20 m of the
surface. Along the hillslope profile, the depth to weathered bedrock tends to decrease from the
ridge top to valley bottom. Several giant sequoias taller than 50 m lie along the profiles,
including four along the ridge line and two along each of the hillslope and drainage lines. The
spacing of giant sequoias in the vicinity of the ridge line appears to be less dense than around

the hill slope and drainage lines (Figures 1 and 2).
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Figure 2: Full waveform inversion seismic velocity models of the subsurface beneath giant
sequoias from the three profiles demarcated in Figure 1: The ridge, hillslope, and drainage lines.
The giant sequoias labeled in Figure 1 are also labeled in this figure. The top row shows P-wave
velocity models with white velocity contours at 1,000 m/s increments. The bottom row displays
S-wave velocity models with white velocity contours at 500 m/s increments. Each subplot
represents a 2D cross-section of the subsurface, with elevation on the vertical-axis and transect
distance on the horizontal. The color scale indicates seismic velocity in meters per second, with
warmer colors corresponding to lower velocities and cooler colors corresponding to higher
ones. Above of the tomograms are 10 m wide swaths of airborne and handheld lidar point
clouds centered on the seismic lines, depicting the position and scale of the overlying

vegetation.
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The geostatistical rock physics inversion uses the FWI velocity models (Figure 2) to predict
hydrological variables. While the predicted porosity field shows similar spatial patterns to the
velocity models, the predicted saturation fields are more related to the Vp-Vs ratios (Extended
Data Figure 1). Taking the product of the porosity and saturation fields yield the volumetric
water content models shown in Figure 3. The Ridge Line water content model shows thick
zones of dry material blanketing the highest elevation areas of the profile. However, at lower
elevations towards the beginning of the Ridge Line, distinct zones of wetter material extend
towards the surface. Along the hillslope line, a superficial layer of dry material thins from the
hilltop to the valley and disappears at the bottom of the profile, where a zone of relatively high
soil moisture reaches the surface. The drainage profile contains multiple shallow zones of high
water content underlain by low-porosity bedrock, which holds little water despite being
saturated. In both the hillslope and drainage profiles, there is less woody vegetation in the
wettest and lowest elevation areas (Figures 1 and 3), which may be too wet to be suitable for

trees.
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117  Figure 3: Volumetric water content models (as a fraction of total volume) for the three profiles
118  in Figure 1, derived by multiplying the geostatistical porosity and saturation models. The giant
119 sequoias labeled in Figure 1 are also labeled in this figure. Cooler colors show wetter areas
120  while warmer colors show drier ones. The white contour lines show 0.02 increments of water
121  content.

122

123  The three geophysical profiles show that sequoia growth patterns correlate with spatial

124  variability in subsurface water content across the grove, such that sequoias grow densely near
125  shallow zones of high water content in drainages or toward the bottom of hillslopes (Figures 1
126  and 3). Onridges, in contrast, sequoias appear to grow in patchy stands underlain by

127 commensurately patchy zones of deep rock moisture. Broadly speaking, the hydrogeophysical
128  results affirm that the depth and quantity of subsurface moisture is strongly influenced by

129 landscape position 1>1¢, However, these models also quantify volumetric water content

130 throughout the subsurface and reveal heterogeneities in subsurface structure and water stores
131  that cannot be predicted from landscape position alone.

132

133  Where Do Giant Sequoias Source Their Water From?

134  We currently do not know where sequoias source their water from, in part, because sequoia
135  rooting habits are not well understood. While peer-reviewed observations are rare, previous
136  studies report that mature sequoia roots may only laterally extend 15 m near surface water, yet
137  typically extend up to 30 m in well drained soils 7. Variability in sequoia lateral rooting extent

138  suggests these trees adapt their roots according to available water stores. Rooting depth is
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poorly known: while it is widely reported that sequoias develop dense root systems in the
upper meter of soil ¥/, reports exist of sequoia roots going as deep as 14 m (Todd E. Dawson,
personal communication, December, 2023). Our models of subsurface water content (Figure 3)
allow estimates of available subsurface water for a range of rooting scenarios, from which we
can infer which portions of the subsurface hold sufficient moisture for sequoias to avoid water

stress during the dry season.

We compute available subsurface water within sequoia rooting zones as a function of rooting
lateral extent and depth by integrating the water content models (Figure 3) over a set of
rooting scenarios, spanning 0-80 m in lateral rooting extent and 0-20 m in rooting depth (see
the methods section for more details). These results can be seen in Figure 4 but should be
taken with the caveat that we do not account for three-dimensional variability or factors
diminishing the amount of subsurface water extracted by sequoias, such as limited root density,
low soil water potential, and competition with other plants. Therefore, this analysis provides a
conservative upper-bound for extractable subsurface water at the time of the seismic surveys.
Given that the seismic data was collected in late July to early August of 2023 and 2024, the
water volumes detected through the geophysical surveys represent the amount remaining with
~100 days left in the dry seasons. Between July and October of both 2023 and 2024 the
Mariposa Grove received less than an inch of precipitation 1819, Therefore, each giant sequoia
tree would require ~200 m? of subsurface water from the time of our seismic surveys to avoid
water stress 7. This approximation does not account for sequoias adapting their water use as

subsurface stores are depleted. Nevertheless, the 200 m? estimate provides a reasonable



161  starting point to assess the feasibility of different rooting scenarios, and other water

162 requirement scenarios can also be assessed with Figure 4.
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165  Figure 4: Available subsurface water volumes for the three giant sequoias labeled in Figures 1,
166 2, and 3: Ridge Line (Sequoia A), Hillslope Line (Sequoia B), and Drainage Line (Sequoia C). Each
167  panel shows the total subsurface water content within a cylindrical volume around each

168 sequoia, as a function of rooting depth (vertical axis) and lateral rooting radius (horizontal axis).
169  Warmer colors represent less available water while cooler colors represent more. Overlying the
170  color plots are available water content contour lines, starting at 50 m? and increasing by 50 m3
171  increments until 350 m3. The thick white line is the 200 m3 contour, which represents the total
172  water a sequoia tree would need to survive 100 precipitation-free days without water stress.

173
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Visualizing total available subsurface water volume as a function of rooting depth and lateral
rooting extent shows the feasibility of different rooting strategies for the three sequoias. The
sequoia nearest the drainage (sequoia C) has the most readily accessible subsurface water and
is the only one of the three trees analyzed that can access more than 200 m3 of water with
roots that extend 35 m laterally but no more than 2 m deep. Therefore, this tree has no
apparent need to develop deep roots. In contrast, the giant sequoia along the hillslope line
(sequoia B) must either root down to depths of 4-6 m or laterally extend its roots greater than
40 m to access adequate subsurface water. The sequoia in the middle of the ridge line has the
least readily accessible subsurface water. In order for this tree to avoid water stress, it may
need to root to depths exceeding 8 m or at lateral extents exceeding 75 m. The results from
Sequoias A and B show that in order to access adequate subsurface water, certain sequoias
may need to grow deeper, or more extensive lateral roots than previously thought, raising the
guestion of which is more likely. While the extensive shallow roots of giant sequoias are

commonly cited, here we argue that deep (> 2 m depth) roots are also vital.

Our geophysical results and analysis provide evidence that deep roots may be necessary for
some sequoias due to the dry summer soil conditions on ridges and hillslopes. This is reflected
in the water content models showing that at higher landscape positions, shallow soil moisture
is lacking while deep rock moisture is present (Figure 3). To adapt to these hydrological
conditions, sequoias can reduce the root volume needed to access 200 m? of water by growing
roots deeper than 2 m (Figure 4). Stable hydrogen and oxygen isotope ratios measured in xylem

water from sequoias in Giant Forest (Sequoia National Park), Merced grove (Yosemite National
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Park), and Mariposa grove (Yosemite National Park) also suggest sequoias root deeper than 2
m. (A. Ambrose, unpublished data). In a broader sense, these findings concur with observations
of trees in Mediterranean climates growing roots deeper than 10 m to access subsurface water
20 35 well as with hydrological models suggesting that rock moisture sustains a large portion of

woody vegetation across the western United States 2.

The reliance of giant sequoias and many other plant species on deep subsurface water
underscores the ecological importance of soil/rock moisture housed in saprolite and weathered
bedrock 21723, Geophysical imaging results presented here (Figure 2) and elsewhere 242> have
shown these regions of the subsurface to be spatially heterogenous. We hypothesize that
small-scale variations in the structure of saprolite, fractured bedrock, and the rock moisture
therein can help explain patchy forest dieback during drought ®. If so, geophysical imaging and
rock physics modeling can provide tools for forest managers contending with the worsening

effects of severe droughts 2°.
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Extended Data, Figure 1: Geostatistical rock physics inversion results from the three different
profiles demarcated in Figure 1. The giant sequoias labeled in Figure 1 are also labeled in this
figure. The top row shows porosity models with white contours at 0.1 increments, with cooler
colors showing more porous material. The bottom row shows saturation models with white
contours at 0.2 m/s increments, with cooler colors showing more saturated material. Overlying
each cross-section are vegetation point clouds derived from handheld and aerial lidar

measurements.
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Profile Date Vertical Horizontal Geophone Source
Collected Component | Component Spacing Spacing
Ridge Line 1 Aug 2023 | Yes Yes 0.5m 5m
Hillslope Line 22 Jul 2024 | Yes No 0.2m 1m
Drainage Line 25Jul 2023 | Yes No 0.25m 2m

Extended Data, Table 1: acquisition parameters for seismic surveys.
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Methods

Geophysical Data Acquisition

The seismic refraction data were collected along linear profiles of autonomous Stryde
accelerometer nodes using a sledgehammer and aluminum plate to excite seismic energy. See
extended data table 1 for the acquisition details of each of the seismic surveys. Following data
collection, we integrated the shot records twice with respect to time to create displacement
seismograms. Since low frequency noise in the raw data is boosted by time integration, before
integrating, we applied a 5-65 Hz Ormsby filter to the acceleration data. Prior to converting the
data from acceleration to displacement, we manually picked and inverted first arrivals using
Pygimli’s ray-based travel time tomography software 2. We scaled the resultant Vp models by

0.5 to create initial Vs models for FWI.

Elastic Full Waveform Inversion Using a Time-Frequency-Phase Misfit Functional

Over the past three decades, full waveform inversion (FWI) has become a state-of-the-art
method for constraining subsurface properties 22730, Emerging applications for FWI include
exploring the upper ~50 m of Earth's subsurface, also known as the critical zone (CZ), where
bedrock weathers and becomes soil 242>, Compared to classical seismic methods used for CZ
imaging, such as first arrival travel time tomography, FWI can constrain higher resolution Vp
and Vs models if a suitable misfit functional is chosen and proper data preconditioning
techniques are employed 2>31735, CZ structure is characterized by extreme velocity gradients

(with velocities spanning the interval of 150-6000 m/s), ample heterogeneity, and a mixture of
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material properties ranging from very soft soil to very stiff intact bedrock. This makes the
amplitude response of CZ seismic data complex and difficult to recover with synthetic
modeling. Past work implementing FWI in the CZ has therefore tended toward fitting phase

information 242°>36-38

In this work, we use a misfit functional for CZ FWI designed to match the phase of synthetic and
observed data. The misfit functional was originally developed with time frequency analysis
based on the Gabor transform %, but we have adapted it by using the continuous wavelet
transform (CWT) for our time-frequency analysis. The CWT is better suited for CZ FWI because
its adaptive windowing function leads to enhanced time-frequency resolution over a wider
frequency range 3°. This helps contend with the rapidly changing frequency content and broad

band nature of CZ seismic data.

Before performing FWI, we estimated unique source-time functions at each hammer-swing
location using stabilized deconvolution 4%4!, During the FWI, we applied data preprocessing by
filtering and muting the record sections. We followed other work implementing FWI for CZ
study by designing muting windows that would focus the inversion on primarily fitting body
waves 2°, We also employed a Butterworth bandpass filter to implement a classical frequency
continuation multiscale strategy 2. We sequentially inverted data in frequency bands of 5-20
Hz, 5-35 Hz, 5-50 Hz, and 5-65 Hz, which helped improve convergence and avoid local minima.
To iteratively update the earth models, we computed gradients with respect to the time-

frequency-phase misfit function using the adjoint method and the open source specfem2d
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software 434, For inversions at each frequency band, we enforced regularity by convolving the
gradients with two-dimensional Gaussian functions #°. In the supplementary information we
provide more mathematical and technical details about the CWT and our FWI method. We also
provide results from synthetic tests verifying our approach and providing insights into the

expected resolution of the surveys.

Geostatistical Rock Physics Inversion for Predicting Porosity and Saturation

While FWI can constrain high-resolution Vp and Vs models, these properties are usually not of
immediate interest to non-geophysicists. Rock physics models can be used to relate geophysical
properties to hydrological ones #. Previous studies have used rock physics models to estimate
the water holding capacity of the CZ from Vp tomograms 2%, Moreover, geostatistical data
assimilation methods can be combined with rock physics models to estimate saturation from
seismic data *°, In this work, we employ a variant of a previously published geostatistical rock

physics inversion algorithm?! to estimate porosity and saturation from FWI Vp and Vs models.

For the rock physics inversion, we first generate an initial ensemble of porosity and saturation
models. We do this using the probability field simulation method ! and impose horizontal and
lateral smoothing throughout to enforce spatial regularization. We also mandate that in the
initial ensemble, porosity monotonically decreases while saturation monotonically increases
with depth, which reflects the fact that less weathered and more saturated materials tend to
occur deeper in the CZ. To relate the porosity and saturation realizations to Vp and Vs, we use a

combined empirical and theoretical rock physics model. The model is empirical in the sense
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that we use exponential functions to relate porosity to dry values of Vp and Vs, and theoretical
in that we use Gassmann’s equation *® to compute the effect of saturation on the seismic
velocities. This approach is well suited for our study because the empirical model can account
for the wide range of seismic velocities in the CZ better than other rock physics models such as
Berryman’s inclusion model >? or Dvorkin and Nur’s >3 soft sand model. The final step of our
rock physics inversion is to use the ensemble smoother algorithm >4 to update the porosity and
saturation realizations to be more consistent with the Vp and Vs tomograms. In the
supplementary information, we provide more mathematical background and technical details

about the rock physics model and inversion.

Computing Maximum Subsurface Water Volumes

To calculate the maximum subsurface water volume accessible for giant sequoias located along
our geophysical transects, we begin by laterally extruding the porosity and saturation models in
the direction perpendicular to the trend of the profiles. Then, assuming that the roots grow in a
cylinder with a radius equal to the lateral rooting extent, we integrate the product of porosity
and saturation within the cylinder to compute the total available water volume. We repeat this
for each rooting lateral extent and depth scenario. To account for topography, prior to
integrating, we re-datum the porosity and saturation models to replace the elevation axis with

depth.
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