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1 Summary paragraph

Woody plant transpiration is a major control on Earth’s climate system, streamflow, and human water supply. Soils are widely
considered to be the primary reservoir of water for woody plants, however, plants also access water stored in the fractures and
pores of bedrock, either as rock moisture (water stored in the unsaturated zone) (Schwinning, 2010) or bedrock groundwater
(below the water table) (Miller et al., 2010). Bedrock as a water source for plants has not been evaluated over large scales,
and consequently, its importance to terrestrial water and carbon cycling is poorly known (Fan et al., 2019). Here, we show
that woody plants routinely access significant quantities of water stored in bedrock —commonly as rock moisture —for tran-
spiration across diverse climates and biomes. For example, in California, the volume of bedrock water transpired by woody
vegetation annually exceeds that stored in man-made reservoirs, and woody vegetation that withdraws bedrock water accounts
for over 50% of the aboveground carbon stocks in the state. Our findings show that bedrock water storage dynamics are a crit-
ical element of terrestrial water cycling and therefore necessary to capture the effect of shifting climate on woody ecosystems,

above- and belowground carbon storage, and water resources.

2 Introduction

Plants return water stored in the subsurface to the atmosphere through the process of transpiration. The amount of plant
accessible subsurface water storage, and its variability in space and time, is a critical determinant of water and energy exchange
at Earth’s surface. Appropriate characterization of root-zone water storage is thus key to accurate prediction of environmental
response to change, particularly the face of widespread drought-induced die off (Madakumbura et al., 2020; McDowell et al.,
2019), massive wildfires (McEvoy et al., 2020), and woody encroachment (Hauwert and Sharp, 2014).

Soils, which can be defined as physically mobile, disaggregated material, are thought to host the majority of root-zone water
storage. Because soils are relatively accessible for sampling, their hydraulic properties are estimated at large scales (Soil Survey
Staff, 2019), and they are mechanistically represented in the modeling frameworks used to predict Earth system processes such

as landsliding, contaminant remediation, and global nutrient cycling. However, the root-zone commonly extends beyond soils
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into bedrock, where hydraulic (Nimmo et al., 2017) and biological (Leshem, 1970) processes can differ significantly from soils.
This bedrock retains relict primary rock structures such as bedding or joint planes, and in some cases, can be so weathered
as to be called a C-horizon or saprolite. While woody plants can access water and nutrients from bedrock (Brantley et al.,
2017), bedrock is not broadly considered a significant water reservoir, largely because root-zone water storage in bedrock is
unmeasured at large scales (Fan et al., 2019).

Here, we quantify dynamic root-zone water storage in bedrock by estimating transpiration of bedrock water by woody
vegetation across the continental United States (CONUS). Using publicly available datasets and a compilation of data from
published field studies, we document the spatial extent of bedrock rooting and quantify the magnitude and frequency of woody

plant access to bedrock water stores.

3 Results and Discussion
3.1 Plant-accessible water storage in bedrock sustains evapotranspiration

The majority (55%) of wooded land area in the continental U.S. (CONUS) is characterized by shallow (< 1.5 m deep) soils
underlain by bedrock (see S1). In these areas, which are distributed across a broad range of environments (Figure 1), the root
zones of woody plants are likely to include bedrock. Field studies reporting rooting into bedrock (shown as points on Figure 1)
confirm that, indeed, roots penetrate bedrock across a broad range of plant species, climates, and rock types (see S2).

To quantify where bedrock water is routinely accessed by woody vegetation, we report a conservative estimate of the volume
of bedrock water accessed by plants in a given year (Dpedrock,y > €€ Methods) for areas where woody vegetation overlies
shallow bedrock. Figure 1 and 2 report the spatial distribution of Dycgrock,y, defined as the annual bedrock water storage
deficit (see Methods). In locations shown in black in Figures 1, Dycgrock,y is 0 in all years, and therefore soil water storage
capacity is sufficient to explain observed ET (see Methods). However, in many areas across CONUS, soil water storage capacity
is insufficient to explain ET (that is, Dpedrock,y 1S commonly greater than 0; pink and green in Figure 1), and therefore bedrock
must supply water for transpiration. Green areas, where Dycgrock,v 1S greater than zero across all study years, indicate routine
use of bedrock water for transpiration. These locations host substantial aboveground biomass. For example, woody vegetation
that withdraws bedrock water for ET on an annual basis (green in Figure 1) accounts for over 50% of California’s aboveground
carbon stocks (587 Tg of carbon) (see S6, Spawn et al. (2020); Spawn and Gibbs (2020).

Figure 2A reports the magnitude and spatial distribution of Dyegrock,y across California and Texas, where at least 28-30%
and 5-10% of the total land areas respectively withdraw bedrock water for transpiration in a given year (Figure 2A). (Dyedrock,y
for CONUS is reported in S3.) In some areas, Dpedrock,y can exceed 500 mm and can constitute a significant fraction of the
mean annual precipitation (see S4), despite being a highly conservative estimate of the magnitude of water withdrawn by
vegetation from bedrock (see Methods). This indicates that bedrock is a critical storage reservoir for plant-accessible water.
Dyegrock,y Will more closely reflect actual bedrock water storage withdrawal when and where energy and precipitation delivery
are out of phase (such as the seasonally dry west coast), and will be a significant underestimate where energy and precipitation

delivery are in phase (such as the humid eastern U.S.).
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We calculate a bedrock root-zone water storage capacity, Spedrock, Which is defined as the largest storage used by woody
vegetation over a multi-year time window (2004-2017) that cannot be accounted for by soil water storage capacity (see Meth-
ods, see S5). Figure 3 reports Speqrock as a fraction of total root-zone storage capacity and shows that S qrocr Often constitutes
the majority of total storage capacity in the root-zone (Figure 3).

In some locations, the magnitude of Dycqrock,y is relatively consistent across different years, and consequently similar to
Spedrock, iIndicating that plants withdraw similar amounts of bedrock water each year. However, in other locations, such as the
southern Sierra Nevada in California and the Edwards Plateau in Texas, Spedrock; can be significantly larger than Dyegrock,y
(see S4, S5), indicating that the storage capacity of plant accessible water in bedrock is much greater than the storage that is
withdrawn in a given year. In these locations bedrock water must be progressively drawn down over multiple years to explain
the observed ET and multi-year drought may control plant access to bedrock water storage (Twidwell et al., 2014; Goulden
and Bales, 2019).

Bedrock water serves as a reservoir for transpiration across a range of biomes and Koppen climate types (Figure 4). Arid,
semi-arid and Mediterranean climate types are associated with the largest Spcqrock, however, significant bedrock water with-
drawal also occurs in humid climate types (Figure 4). Speqrock tends to be higher for evergreen forests, savannas, and shrubland,
relative to deciduous and mixed forests. Overall, combined analysis of Speqrocr fOr both biome and climate type reveal that
the largest median Speq-ock OCcurs in semi-arid shrubland, Mediterranean savannas, and Mediterranean needleleaf forests (Fig-
ure 4, see Table S1). Locations where Spedrock 1S positive tend to be associated with areas at high elevation and significant

above-ground biomass (see S5).
3.2 Rock moisture as a common water source for transpiration

Locations with field evidence for use of unsaturated bedrock water storage (i.e.,rock moisture) documented in our literature
compilation coincide with areas in which we calculate positive median Dyegrock,y - Dpedrock,y for each study location shown
in Figure 2B. Comparisons between volumes of rock moisture used and our Dy qrock,y confirm that, as expected, Dyedrock,y
is a conservative estimate of bedrock water used. For example, in a 1993 study, Sternberg et al. (1996) found over 300 mm of
rock moisture used by chaparral where we calculate a Dyedrock,2004—2017 0f 88-253 mm, and between 2013-2017, Rempe and
Dietrich report an average of 280 £ 80 mm of rock moisture used by a mixed hardwood and conifer forest where we calculate
a Dbedrock,2004—2017 Of 113-283 mm.

While field studies corroborate our metric of bedrock water use and suggest that bedrock water storage used by plants is
commonly in the form of rock moisture, Dpcdrock,y and Spedrock do not discriminate between rock moisture (unsaturated)
and bedrock groundwater (saturated). Discriminating between saturated and unsaturated water supplies to vegetation remains
challenging, even in field study, yet the distinction between them is germane to mechanistically modeling biogeochemical
and hydraulic processes. Rock moisture use has been confirmed under circumstances that might commonly be attributed to
groundwater use. For example, Hahm et al. (2020) show that oaks relied on rock moisture to sustain dry season transpiration at
an oak savanna site where groundwater remains within 3 m of the surface throughout the year. Insensitivity of ET to extended

drought is another tool used to attribute groundwater as a transpiration source, however, storage capacity in the unsaturated
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zone can produce similar insensitivity of ET to drought (Hahm et al., 2019a). These circumstances suggest that mis-attribution

of rock moisture as groundwater is likely, and that rock moisture use by woody plants may be common.
3.3 Implications of widespread bedrock water use

While it has long been recognized that woody plants root into bedrock (Cannon, 1911), widespread and routine transpiration of
bedrock water, reported here for the first time, suggests that the dynamics of bedrock water storage may be as fundamental to
understanding terrestrial water and carbon cycling as soil moisture. Across the western U.S. in particular, significant volumes
of water are stored in bedrock and released back into the atmosphere on an annual basis. For example, in California, at least 20
km? (16.2 million acre-feet) of water are extracted from bedrock by woody plants annually. This is approximately equal to the
volume of water stored in all of the state’s reservoirs combined (California Department of Water Resources), and about three
times the state’s annual domestic water use (United States Geological Society).

Investigation of biological and hydraulic processes in the bedrock rhizosphere is a frontier research area (Schwinning, 2020).
New studies are needed to clarify the role of bedrock water storage under precipitation volatility, including multi-year drought
and alternation between extreme wet and dry years. In the 2011-2016 California drought, for example, forest ecosystems
with access to rock moisture exhibited diverse responses from insensitivity (Hahm et al., 2019a) to vulnerability (Goulden
and Bales, 2019). This motivates new field-based observational studies of belowground structure and bedrock water storage
dynamics across diverse lithological, climatic, and ecological settings to clarify the different ways in which bedrock water
storage mediates ecohydrological processes (Ding et al., 2020; Dawson et al., 2020).

Significant plant usage of bedrock water, and specifically rock moisture, occurs in critical locations for water supply, in-
cluding the Sierra Nevada, the recharge zone of the Edwards and Trinity Aquifers, and the headwaters of the Colorado River
(Figure 1), which together supply water to at least one quarter of the U.S. population. Given that the dynamics of rock moisture
have the potential to regulate the timing of groundwater recharge and runoff (Salve et al., 2012), bedrock water storage may be
critical to water resource planning.

Woody ecosystem dependence on stored subsurface water will likely increase in the future as community ranges shift (Harsch
et al., 2009), snowpack declines in high elevation and high latitude regions, and many environments undergo a transition from
energy to water-limited conditions (Kapnick and Hall, 2012). Thus, the availability of bedrock water storage may be key to
predicting large scale vegetation dynamics, including the stability or vulnerability of ecosystem carbon storage, under climate
change.

Long-term, intensive monitoring studies are increasingly documenting mechanisms by which roots in bedrock impact
ecosystem function (Hahm et al., 2019b), groundwater and stream chemistry (Tune et al., 2020), and rates of soil produc-
tion and weathering (Brantley et al., 2017; Keller, 2019). While bedrock water may not be needed to explain ET in the humid
eastern U.S., vegetation nevertheless roots into bedrock and water storage dynamics in bedrock driven by roots could lead to
largely unmeasured drivers of carbon cycling (Hasenmueller et al., 2017). Thus, bedrock water storage dynamics are likely key

to understanding the sensitivity of carbon, water, and latent heat fluxes to changes in climate.



125

130

135

140

145

150

4 Methods
4.1 Literature compilation of rooting in bedrock

Available published evidence of rooting into rock is included in our literature compilation (available https://www.hydroshare.
org/resource/e7ad140edaf54d69badf1cflec8e7f73/), which builds upon compilations by Jackson et al. (1996); Schenk and
Jackson (2002a, b); Schwinning (2010) and Fan et al. (2017). Each entry includes information about rooting, climate, soil, and
bedrock properties (see S2). A subset of sites report use of rock moisture by vegetation. For these entries, where possible, we
report estimates of the contribution of rock moisture to evapotranspiration, as well as any estimates of plant available soil and

rock moisture capacities.
4.2 Woody vegetation on shallow bedrock area calculations

To determine where depth of bedrock is less than 1.5 m and therefore likely to intersect with the root-zone of a woody plant,
we use USDA’s Gridded National Soil Survey Geographic Database (gNATSGO) product. We determine where the depth
of soil restrictive layer for the classifications of lithic, densic, and paralithic bedrock occurs at depths less than 1.5 m (Soil
Survey Staff, 2019; Staff) and mask out all other locations. gNATSGO data are generated using raw soil data from field surveys
and subsequent laboratory analysis, and are ultimately reported by soil ’unit’, which are mapped at around a 10m scale and
resampled to 90 m resolution for analysis here. These surveys are occasionally repeated and the newest data is validated against
historical surveys before replacing it in the official nationwide database (Staff). To determine woody landcover, we used the
shrubland and forest landcover classes reported by the NLCD: USGS National Land Cover Database (Yang et al., 2018). NLCD
forest classes include evergreen, deciduous, and mixed forest, while the shrubland designation includes the ’shrub/scrub’ class

only.
4.3 Soil water storage capacity

The gNATSGO product, from which the depth to soil restrictive layer and soil available water storage parameters are taken,
supplies the 10m resolution SSURGO dataset, the highest resolution soil product available, and fills in missing areas with
STATSGO (100-200km resolution) and the Raster Soil Survey to provide the most complete possible set of soil parameters
across the U.S.(Soil Survey Staff, 2019). Soil data were down sampled to 90 m resolution through weighted mean averaging
prior to analysis.

We define the soil water storage capacity (Ssoi;) as the ’soil available water storage (AWS)’ reported by the gNATSGO
database (Soil Survey Staff (2019), see S5). This AWS product is calculated as the storage volume, in units of depth, between
field capacity (1/10 or 1/3 bar) and wilting point (15 bars) and is measured for each soil layer or horizon until a restrictive layer
(e.g. bedrock) or the maximum measurement depth (2 meters) is reached. This value is also adjusted for rock fragments and
salinity. AWS for each soil unit is then calculated as the weighted average over the thickness of each layer. Each layer includes

a high, low, and likely value of reported AWS.
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4.4 Root-zone water storage capacity, Sz, and maximum annual root-zone storage deficit, D,,, 4.

Here, we use a statistically interpolated precipitation (Oregon State’s PRISM daily precipitation, Daly et al. (2008, 2015)) and a
remotely-sensed evapotranspiration (Penman-Monteith-Leuning Evapotranspiration V2, Zhang et al. (2019); Gan et al. (2018))
data product to estimate the minimum magnitude of root-zone water storage capacity (Sg) following the method developed by
Dralle et al. (2020), which adapts the original method of S estimation from Wang-Erlandsson et al. (2016) to account for the
presence of snow.

The method takes a mass balance approach and is therefore broadly applicable, not requiring place-based soil or plant-
community parameterization. Specifically, the technique tracks a root-zone storage deficit (D) as a running, integrated dif-
ference between water fluxes exiting or entering the root zone, here taken to be evapotranspiration and precipitation where
Fout = ET and F;, = P. This is accomplished by first computing the accumulated difference between F,,; and F;, over a

given time interval ¢,, to £, 41:

Aty st +1= .

ft:+l Foui—F,dt ifC<Cy
where Cj is the threshold of snow cover which is deemed non-negligible, here chosen as 10%. This avoids attributing evap-
otranspiration from snowmelt recharge into the rooting-zone to unreplenished water storage depletion. Snow data is acquired
from the Normalized Difference Snow Index (NDSI) snow cover band from the 500m MODIS/Terra data product (Hall et al.,
2016).

With this, the root-zone storage deficit at any given time is defined iteratively as:
D(tn+1) = max (07D(tn) +Atnﬁtn+1) M

Following these equations, D at any given time represents a lower bound on the volume of water that plants have used which
must have been withdrawn from root zone storage without replenishment by precipitation. The deficit is effectively 'reset’
to zero during wet periods, because the updated D(t,,41)) is taken only as the maximum of 0 and the previous deficit plus
the current difference between outgoing and incoming fluxes (Equation 4.4). Over the course of a year or many subsequent
seasonal cycles, the maximum value of D represents the largest amount of water storage that must have been sourced from the
subsurface.

Here, we report two deficit-related quantities: the observed maximum root zone storage deficit in water year Y (Dpq0,v)
and the maximum root zone storage deficit over the period of record (2003 to 2017), taken as a lower bound on the actual root-
zone storage capacity, Sg. Dpqq,y 1s calculated for a given water year Y (that is, from October 1 in year Y — 1 to September
30 in year Y) first by assuming the root zone storage deficit on October 1 is zero, then tracking that deficit through to the end

of the water year. D, 4, y i the maximum value of the deficit time series over that water year. The procedure for computing
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Sk is similar, but the deficit time series is computed over the period of record. That is, D is taken to be zero on October 1,
2003 and is tracked continuously until September 30, 2018. S is then taken to be the maximum value of the multi-year deficit
time series.

Importantly, Sk and D,, ., are conservative lower estimates of water storage capacity and do not account for all possible

withdrawal. This is true so long as no irrigation or lateral subsidies (e.g. groundwater or surface water) to the root zone occur.
4.5 Bedrock root zone water storage capacity and annual bedrock root zone water storage

To quantify the root zone storage capacity that cannot be accounted for by soil water storage capacity, Spedrock, We subtract

the soil water storage capacity from Sg, making sure to bound Spegdrock at zero:

0 if Ssoil Z SR
Sbedrock =
SR - Ssoil if Ssoz’l < SR
We perform a similar calculation to quantify the annual bedrock root zone water storage, Dyedrock,y> Which is the maximum

annual root-zone storage deficit that cannot be accounted for by soil water storage capacity:

0 if Ssoit > Dmaa,y
Dyedrock,y =
Dinaz,y — Ssoit if Ssoit < Dimaz,y

Note that we use the highest AWS value reported. Therefore, Spedrock and Dipedrock, v are intended to represent conservative
lower bounds, as we use the upper bound on S,,;; and the lower bound on Sg and D,y,qz,v, respectively.

We restrict our calculation of Spegrock and Dpegrock,y to conditions where three criteria are met: (1) woody vegetation, (2)
bedrock is encountered within the upper 1.5 m of the surface, and (3) where total ET is less than total P from 2003 to 2017.
The first two criteria define locations where bedrock water storage could be important to woody plants (see S1), and the third
criterion removes locations where either the mass balance is not physical (outputs cannot exceed inputs over long time spans),
or there exist significant unmeasured fluxes entering the rooting zone, such as irrigation or lateral groundwater flow, that are a
significant source for ET (Wang-Erlandsson et al., 2016). This approach leads to underestimates of the spatial extent of bedrock
water use, because there are some locations, such as some of the study sites listed in Figure 2, which do not meet these criteria
but nonetheless use bedrock water storage for transpiration. As remotely-sensed ET and P datasets continue to rapidly improve,
these datasets could be incorporated into the workflow we present to arrive at better estimates of bedrock water use.

We propose that root zone storage deficits that exceed soil water storage indicate bedrock water use, however, alternative ex-
planations could include fog, lateral inputs of water to soils across analyzed pixels, or uncertainty in calculations of Dycdrock,y
and Spedrock- Our comparison of Dyegrock,y to field studies demonstrates that these alternative explanations are not needed to

account for root-zone storage deficits in excess of soil water storage capacity.



Data availability. The datasets generated during and/or analysed during the current study are available in the Hydroshare repository, https://
www.hydroshare.org/resource/e7ad140edaf54d69ba4f1cflec8e7f73/. The precipitation data are available from the PRISM Climate Group at
https://prism.oregonstate.edu/. The evapotranspiration data are available from Penman-Monteith-Leuning Evapotranspiration V2 (PML_V2)
(Zhang et al., 2019) at https://github.com/gee-hydro/gee_PML. The snow cover data are available from NASA’s MODIS/Terra Snow Cover
215 Daily at https://nsidc.org/data/MOD10A1/versions/6. The soil data are available from the USDA’s gNATSGO (Soil Survey Staff, 2019)
database https://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/survey/geo/?cid=nrcseprd1464625. The landcover data are available from
the USGS’s National Land Cover Database at https://www.usgs.gov/centers/eros/science/national-land-cover-database?qt-science_center_
objects=0#qt-science_center_objects. The biome data are available from NASA’s MODIS/Terra+Aqua Land Cover Type Yearly at https:
/Nlpdaac.usgs.gov/products/mcd12q1v006/. The Koppen climate data are available from Peel et al. (2007) at https://people.eng.unimelb.edu.
220 au/mpeel/koppen.html

Code availability. Code available on Hydroshare repository https://www.hydroshare.org/resource/e7ad140edaf54d69badf1cflec8e7f73/

Author contributions. EM. A.T. and D.D. wrote code, E.M. and D.R. wrote the first draft and all authors contributed to ideas and edited the

manuscript.

Competing interests. The authors declare no competing interests.

225 Acknowledgements. The authors thank Rachel Breunig for conversations that improved the analyses presented.


https://www.hydroshare.org/resource/e7ad140edaf54d69ba4f1cf1ec8e7f73/
https://www.hydroshare.org/resource/e7ad140edaf54d69ba4f1cf1ec8e7f73/
https://www.hydroshare.org/resource/e7ad140edaf54d69ba4f1cf1ec8e7f73/
https://prism.oregonstate.edu/
https://github.com/gee-hydro/gee_PML
https://nsidc.org/data/MOD10A1/versions/6
https://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/survey/geo/?cid=nrcseprd1464625
https://www.usgs.gov/centers/eros/science/national-land-cover-database?qt-science_center_objects=0##qt-science_center_objects
https://www.usgs.gov/centers/eros/science/national-land-cover-database?qt-science_center_objects=0##qt-science_center_objects
https://www.usgs.gov/centers/eros/science/national-land-cover-database?qt-science_center_objects=0##qt-science_center_objects
https://lpdaac.usgs.gov/products/mcd12q1v006/
https://lpdaac.usgs.gov/products/mcd12q1v006/
https://lpdaac.usgs.gov/products/mcd12q1v006/
https://people.eng.unimelb.edu.au/mpeel/koppen.html
https://people.eng.unimelb.edu.au/mpeel/koppen.html
https://people.eng.unimelb.edu.au/mpeel/koppen.html
https://www.hydroshare.org/resource/e7ad140edaf54d69ba4f1cf1ec8e7f73/

230

235

240

245

250

255

260

References

Anderson, M. A., Graham, R. C., Alyanakian, G. J., and Martynn, D. Z.: Late Summer Water Status of Soils and Weathered Bedrock in a
Giant Sequoia Grove, Soil Science, 160, 415-422, https://doi.org/10.1097/00010694-199512000-00007, 1995.

Arkley, R. J.: Soil Moisture Use by Mixed Conifer Forest in a Summer-Dry Climate, Soil Science Society of America Journal, 45, 423427,
https://doi.org/10.2136/ss52j1981.03615995004500020037x, 1981.

Bleby, T. M., McElrone, A. J., and Jackson, R. B.: Water Uptake and Hydraulic Redistribution across Large Woody Root Systems to 20 m
Depth, Plant, Cell & Environment, 33, 2132-2148, https://doi.org/10.1111/j.1365-3040.2010.02212.x, 2010.

Bornyasz, M., Graham, R., and Allen, M.: Ectomycorrhizae in a Soil-Weathered Granitic Bedrock Regolith: Linking Matrix Resources to
Plants, Geoderma, 126, 141-160, https://doi.org/10.1016/j.geoderma.2004.11.023, 2005.

Brantley, S. L., Eissenstat, D. M., Marshall, J. A., Godsey, S. E., Balogh-Brunstad, Z., Karwan, D. L., Papuga, S. A., Roering, J., Dawson,
T. E., Evaristo, J., et al.: Reviews and syntheses: on the roles trees play in building and plumbing the critical zone, Biogeosciences (Online),
14, 2017.

California Department of Water Resources: Daily Reservoir Storage Summary, https://info.water.ca.gov/cgi-progs/reservoirs/RES.

Cannon, W. A.: The Root Habits of Desert Plants, 131, Carnegie Institute of Washington, 1911.

Daly, C., Halbleib, M., Smith, J. I., Gibson, W. P., Doggett, M. K., Taylor, G. H., Curtis, J., and Pasteris, P. P.: Physiographically Sensitive
Mapping of Climatological Temperature and Precipitation across the Conterminous United States, International Journal of Climatology,
28, 2031-2064, https://doi.org/10.1002/joc.1688, 2008.

Daly, C., Smith, J. 1., and Olson, K. V.: Mapping Atmospheric Moisture Climatologies across the Conterminous United States, PLOS ONE,
10, e0141 140, https://doi.org/10.1371/journal.pone.0141140, 2015.

Dawson, T. E., Hahm, W. J., and Crutchfield-Peters, K.: Digging Deeper: What the Critical Zone Perspective Adds to the Study of Plant
Ecophysiology, New Phytologist, 226, 666—671, https://doi.org/10.1111/nph.16410, 2020.

Ding, Y., Nie, Y., Chen, H., Wang, K., and Querejeta, J. I.: Water uptake depth is coordinated with leaf water potential, water-use efficiency
and drought vulnerability in karst vegetation, New Phytologist, 2020.

Dralle, D. N., Hahm, W. J., Chadwick, K. D., McCormick, E., and Rempe, D. M.: Technical Note: Accounting for Snow in the Estimation of
Root-Zonewater Storage Capacity from Precipitation and Evapotranspirationfluxes, Hydrology and Earth System Sciences Discussions,
https://doi.org/10.5194/hess-2020-602, 2020.

Fan, Y., Miguez-Macho, G., Jobbagy, E. G., Jackson, R. B., and Otero-Casal, C.: Hydrologic Regulation of Plant Rooting Depth, Proceedings
of the National Academy of Sciences, 114, 10572-10 577, https://doi.org/10.1073/pnas. 1712381114, 2017.

Fan, Y., Clark, M., Lawrence, D. M., Swenson, S., Band, L. E., Brantley, S. L., Brooks, P. D., Dietrich, W. E., Flores, A., Grant, G., Kirchner,
J. W., Mackay, D. S., McDonnell, J. J., Milly, P. C. D., Sullivan, P. L., Tague, C., Ajami, H., Chaney, N., Hartmann, A., Hazenberg, P.,
McNamara, J., Pelletier, J., Perket, J., Rouholahnejad-Freund, E., Wagener, T., Zeng, X., Beighley, E., Buzan, J., Huang, M., Livneh,
B., Mohanty, B. P, Nijssen, B., Safeeq, M., Shen, C., Verseveld, W., Volk, J., and Yamazaki, D.: Hillslope Hydrology in Global Change
Research and Earth System Modeling, Water Resources Research, 55, 1737-1772, https://doi.org/10.1029/2018WR023903, 2019.

Fellows, A. W. and Goulden, M. L.: Mapping and Understanding Dry Season Soil Water Drawdown by California Montane Vegetation,
Ecohydrology, 10, 1772, http://onlinelibrary.wiley.com/doi/abs/10.1002/eco.1772, 2017.

Friedl, M. and Sulla-Menashe, D.: MCD12Q1 MODIS/Terra+ aqua land cover type yearly L3 global 500m SIN grid V006 [data set], NASA
EOSDIS Land Processes DAAC, 10, 2015.


https://doi.org/10.1097/00010694-199512000-00007
https://doi.org/10.2136/sssaj1981.03615995004500020037x
https://doi.org/10.1111/j.1365-3040.2010.02212.x
https://doi.org/10.1016/j.geoderma.2004.11.023
https://info.water.ca.gov/cgi-progs/reservoirs/RES
https://doi.org/10.1002/joc.1688
https://doi.org/10.1371/journal.pone.0141140
https://doi.org/10.1111/nph.16410
https://doi.org/10.5194/hess-2020-602
https://doi.org/10.1073/pnas.1712381114
https://doi.org/10.1029/2018WR023903
http://onlinelibrary.wiley.com/doi/abs/10.1002/eco.1772

265

270

275

280

285

290

295

Gan, R., Zhang, Y., Shi, H., Yang, Y., Eamus, D., Cheng, L., Chiew, F. H. S., and Yu, Q.: Use of Satellite Leaf Area Index Estimating
Evapotranspiration and Gross Assimilation for Australian Ecosystems, Ecohydrology, 11, €1974, https://doi.org/10.1002/ec0.1974, 2018.

Goulden, M. L. and Bales, R. C.: California forest die-off linked to multi-year deep soil drying in 2012-2015 drought, Nature Geoscience,
12, 632-637, 2019.

Graham, R. C., Sternberg, P. D., and Tice, K.R.: Morphology, Porosity, and Hydraulic Conductivity of Weathered Granitic Bedrock and Over-
lying Soils, Soil Science Society of America Journal, 61, 516-522, https://doi.org/10.2136/ss52j1997.03615995006100020021x%, 1997.
Hahm, W. J., Dralle, D. N., Rempe, D. M., Bryk, A. B., Thompson, S. E., Dawson, T. E., and Dietrich, W. E.: Low Subsurface Water Storage
Capacity Relative to Annual Rainfall Decouples Mediterranean Plant Productivity and Water Use From Rainfall Variability, Geophysical

Research Letters, 46, 6544—6553, https://doi.org/10.1029/2019g1083294, 2019a.

Hahm, W. J., Rempe, D. M., Dralle, D. N., Dawson, T. E., Lovill, S. M., Bryk, A. B., Bish, D. L., Schieber, J., and Dietrich, W. E.: Litholog-
ically Controlled Subsurface Critical Zone Thickness and Water Storage Capacity Determine Regional Plant Community Composition,
Water Resources Research, 55, 3028-3055, https://doi.org/10.1029/2018wr023760, 2019b.

Hahm, W. J., Rempe, D. M., Dralle, D. N., Dawson, T. E., and Dietrich, W. E.: Oak Transpiration Drawn From the Weathered Bedrock
Vadose Zone in the Summer Dry Season, Water Resources Research, 56, https://doi.org/10.1029/2020wr027419, 2020.

Hall, D., Riggs, G., and Salomonson, V.: MODIS/Terra Snow Cover Daily L3 Global 500m Grid, Version 6, Boulder, CO: NASA National
Snow and Ice Data Center Distributed Active Archive Center, 2016.

Harsch, M. A., Hulme, P. E., McGlone, M. S., and Duncan, R. P.: Are treelines advancing? A global meta-analysis of treeline response to
climate warming, Ecology letters, 12, 1040-1049, 2009.

Hasenmueller, E. A., Gu, X., Weitzman, J. N., Adams, T. S., Stinchcomb, G. E., Eissenstat, D. M., Drohan, P. J., Brantley, S. L.,
and Kaye, J. P: Weathering of Rock to Regolith: The Activity of Deep Roots in Bedrock Fractures, Geoderma, 300, 11-31,
https://doi.org/10.1016/j.geoderma.2017.03.020, 2017.

Hauwert, N. M. and Sharp, J. M.: Measuring Autogenic Recharge over a Karst Aquifer Utilizing Eddy Covariance Evapotranspiration,
Journal of Water Resource and Protection, 6, 869-879, https://doi.org/10/ghk2zc, 2014.

Heilman, J. L., Litvak, M. E., Mclnnes, K. J., Kjelgaard, J. F., Kamps, R. H., and Schwinning, S.: Water-Storage Capacity Controls Energy
Partitioning and Water Use in Karst Ecosystems on the Edwards Plateau, Texas, Ecohydrology, 7, 127-138, https://doi.org/10/fSrn5c,
2014.

Hellmers, H., Horton, J. S., Juhren, G., and O’Keefe, J.: Root Systems of Some Chaparral Plants in Southern California, Ecology, 36,
667-678, https://doi.org/10.2307/1931305, 1955.

Hubbert, K., Beyers, J., and Graham, R.: Roles of Weathered Bedrock and Soil in Seasonal Water Relations of Pinus Jeffreyi and Arc-
tostaphylos Patula, Canadian Journal of Forest Research, 31, 1947-1957, https://doi.org/10.1139/cjfr-31-11-1947, 2001a.

Hubbert, K. R., Graham, R. C., and Anderson, M. A.: Soil and Weathered Bedrock: Components of a Jeffrey Pine Plantation Substrate, Soil
Science Society of America Journal, 65, 1255-1262, https://doi.org/10.2136/sssaj2001.6541255x%, 2001b.

Jackson, R. B., Canadell, J., Ehleringer, J. R., Mooney, H. A., Sala, O. E., and Schulze, E. D.: A Global Analysis of Root Distributions for
Terrestrial Biomes, Oecologia, 108, 389-411, https://doi.org/10.1007/BF00333714, 1996.

Kapnick, S. and Hall, A.: Causes of recent changes in western North American snowpack, Climate Dynamics, 38, 1885-1899, 2012.

Keller, C. K.: Carbon Exports from Terrestrial Ecosystems: A Critical-Zone Framework, Ecosystems, 22, 1691-1705, 2019.

Leshem, B.: Resting roots of Pinus halepensis: structure, function, and reaction to water stress, Botanical Gazette, 131, 99—-104, 1970.

10


https://doi.org/10.1002/eco.1974
https://doi.org/10.2136/sssaj1997.03615995006100020021x
https://doi.org/10.1029/2019gl083294
https://doi.org/10.1029/2018wr023760
https://doi.org/10.1029/2020wr027419
https://doi.org/10.1016/j.geoderma.2017.03.020
https://doi.org/10/ghk2zc
https://doi.org/10/f5rn5c
https://doi.org/10.2307/1931305
https://doi.org/10.1139/cjfr-31-11-1947
https://doi.org/10.2136/sssaj2001.6541255x
https://doi.org/10.1007/BF00333714

300

305

310

315

320

325

330

335

Litvak, M., Schwinning, S., and Heilman, J.: Woody Plant Rooting Depth and Ecosystem Function of Savannas, in: Ecosystem Function in
Savannas, edited by Hill, M. and Hanan, N., pp. 117-134, CRC Press, https://doi.org/10.1201/b10275-9, 2010.

Madakumbura, G. D., Goulden, M. L., Hall, A., Fu, R., Moritz, M. A., Koven, C. D., Kueppers, L. M., Norlen, C. A., and Randerson, J. T.:
Recent California tree mortality portends future increase in drought-driven forest die-off, Environmental Research Letters, 2020.

McCole, A. A. and Stern, L. A.: Seasonal Water Use Patterns of Juniperus Ashei on the Edwards Plateau, Texas, Based on Stable Isotopes in
Water, Journal of Hydrology, 342, 238-2438, https://doi.org/10.1016/j.jhydrol.2007.05.024, 2007.

McDowell, N. G., Grossiord, C., Adams, H. D., Pinzén-Navarro, S., Mackay, D. S., Breshears, D. D., Allen, C. D., Borrego, 1., Dickman,
L. T., Collins, A., et al.: Mechanisms of a coniferous woodland persistence under drought and heat, Environmental Research Letters, 14,
045014, 2019.

McEvoy, D. J., Pierce, D. W., Kalansky, J. F., Cayan, D. R., and Abatzoglou, J. T.: Projected Changes in Reference Evapo-
transpiration in California and Nevada: Implications for Drought and Wildland Fire Danger, Earth’s Future, 8, e2020EF001 736,
https://doi.org/10.1029/2020EF001736, 2020.

Miller, G. R., Chen, X., Rubin, Y., Ma, S., and Baldocchi, D. D.: Groundwater Uptake by Woody Vegetation in a Semiarid Oak Savanna,
Water Resources Research, 46, https://doi.org/10.1029/2009wr008902, 2010.

Nimmo, J. R., Creasey, K. M., Perkins, K. S., and Mirus, B. B.: Preferential flow, diffuse flow, and perching in an interbedded fractured-rock
unsaturated zone, Hydrogeology Journal, 25, 421-444, 2017.

O’Geen, A. T., Safeeq, M., Wagenbrenner, J., Stacy, E., Hartsough, P., Devine, S., Tian, Z., Ferrell, R., Goulden, M., Hopmans, J. W., and
Bales, R.: Southern Sierra Critical Zone Observatory and Kings River Experimental Watersheds: A Synthesis of Measurements, New
Insights, and Future Directions, Vadose Zone Journal, 17, 180 081, https://doi.org/10/gf27k3, 2018.

Pedrazas, M. A., Hahm, W. J., Huang, M.-H., Dralle, D., Nelson, M. D., Breunig, R. E., Fauria, K. E., Bryk, A. B., Dietrich, W. E., and
Rempe, D. M.: The relationship between topography, bedrock weathering, and water storage across a sequence of ridges and valleys,
Journal of Geophysical Research: Earth Surface, in revision.

Peel, M. C., Finlayson, B. L., and Mcmahon, T. A.: Updated World Map of the Koppen-Geiger Climate Classification, Hydrology and Earth
System Sciences Discussions, 4, 439—473, https://doi.org/10.5194/hessd-4-439-2007, 2007.

Rempe, D. M. and Dietrich, W. E.: Direct Observations of Rock Moisture, a Hidden Component of the Hydrologic Cycle, Proceedings of the
National Academy of Sciences, 115, 2664-2669, https://doi.org/10.1073/pnas.1800141115, 2018.

Salve, R., Rempe, D. M., and Dietrich, W. E.: Rain, Rock Moisture Dynamics, and the Rapid Response of Perched Groundwater in Weathered,
Fractured Argillite Underlying a Steep Hillslope, Water Resources Research, 48, W11 528, https://doi.org/10.1029/2012WR012583, 2012.

Schenk, H. J. and Jackson, R. B.: The Global Biogeography of Roots, Ecological Monographs, 72, 311-328, https://doi.org/10.1890/0012-
9615(2002)072[0311: TGBOR]2.0.CO;2, 2002a.

Schenk, H. J. and Jackson, R. B.: Rooting Depths, Lateral Root Spreads and Below-ground/Above-ground Allometries of Plants in Water-
limited Ecosystems, Journal of Ecology, 90, 480—494, https://doi.org/10.1046/j.1365-2745.2002.00682.x, 2002b.

Schwinning, S.: The Water Relations of Two Evergreen Tree Species in a Karst Savanna, Oecologia, 158, 373-383,
https://doi.org/10.1007/s00442-008-1147-2, 2008.

Schwinning, S.: The Ecohydrology of Roots in Rocks, Ecohydrology, pp. 238-245, https://doi.org/10.1002/eco.134, 2010.

Schwinning, S.: A Critical Question for the Critical Zone: How Do Plants Use Rock Water?, Plant and Soil, 454, 49-56,
https://doi.org/10.1007/s11104-020-04648-4, 2020.

11


https://doi.org/10.1201/b10275-9
https://doi.org/10.1016/j.jhydrol.2007.05.024
https://doi.org/10.1029/2020EF001736
https://doi.org/10.1029/2009wr008902
https://doi.org/10/gf27k3
https://doi.org/10.5194/hessd-4-439-2007
https://doi.org/10.1073/pnas.1800141115
https://doi.org/10.1029/2012WR012583
https://doi.org/10.1890/0012-9615(2002)072[0311:TGBOR]2.0.CO;2
https://doi.org/10.1890/0012-9615(2002)072[0311:TGBOR]2.0.CO;2
https://doi.org/10.1890/0012-9615(2002)072[0311:TGBOR]2.0.CO;2
https://doi.org/10.1046/j.1365-2745.2002.00682.x
https://doi.org/10.1007/s00442-008-1147-2
https://doi.org/10.1002/eco.134
https://doi.org/10.1007/s11104-020-04648-4

340

345

350

355

360

Soil Survey Staff: Gridded National Soil Survey Geographic (gNATSGO) Database for the Conterminous United States, Tech. rep., United
States Department of Agriculture, Natural Resources Conservation Service, available online at /https://nrcs.app.box.com/v/soils, 2019.
Spawn, S. A. and Gibbs, H. K.: Global Aboveground and Belowground Biomass Carbon Density Maps for the Year 2010, ORNL DAAC,

Oak Ridge, Tennessee, USA, https://doi.org/10.3334/ORNLDAAC/1763, 2020.

Spawn, S. A., Sullivan, C. C., Lark, T. J., and Gibbs, H. K.: Harmonized global maps of above and belowground biomass carbon density in
the year 2010, Scientific Data, 7, 112, https://doi.org/10.1038/s41597-020-0444-4, https://doi.org/10.1038/s41597-020-0444-4, 2020.

Staff, S. S.: National Soil Survey Handbook, Tech. rep.

Sternberg, P., Anderson, M., Graham, R., Beyers, J., and Tice, K.: Root Distribution and Seasonal Water Status in Weathered Granitic
Bedrock under Chaparral, Geoderma, 72, 89-98, https://doi.org/10.1016/0016-7061(96)00019-5, 1996.

Tokumoto, I., Heilman, J. L., Schwinning, S., Mclnnes, K. J., Litvak, M. E., Morgan, C. L. S., and Kamps, R. H.: Small-Scale Variability in
Water Storage and Plant Available Water in Shallow, Rocky Soils, Plant and Soil, 385, 193-204, https://doi.org/10/f6qfsx, 2014.

Tune, A. K., Druhan, J. L., Wang, J., Bennett, P. C., and Rempe, D. M.: Carbon Dioxide Production in Bedrock beneath Soils Substantially
Contributes to Forest Carbon Cycling, Accepted Article, https://doi.org/10/ghmkx8, 2020.

Twidwell, D., Wonkka, C. L., Taylor, C. A., Zou, C. B., Twidwell, J. J., and Rogers, W. E.: Drought-Induced Woody Plant Mortality in
an Encroached Semi-Arid Savanna Depends on Topoedaphic Factors and Land Management, Applied Vegetation Science, 17, 42-52,
https://doi.org/10/ghk2zb, 2014.

United States Geological Society: USGS Water Use Data for California, https://waterdata.usgs.gov/ca/nwis/water_use/.

Wang-Erlandsson, L., Bastiaanssen, W. G. M., Gao, H., Jigermeyr, J., Senay, G. B., van Dijk, A. I. J. M., Guerschman, J. P., Keys, P. W.,
Gordon, L. J., and Savenije, H. H. G.: Global Root Zone Storage Capacity from Satellite-Based Evaporation, Hydrology and Earth System
Sciences, 20, 1459-1481, https://doi.org/10.5194/hess-20-1459-2016, 2016.

Witty, J. H., Graham, R. C., Hubbert, K. R., Doolittle, J. A., and Wald, J. A.: Contributions of Water Supply from the Weathered Bedrock
Zone to Forest Soil Quality, Geoderma, 114, 389—400, https://doi.org/10.1016/S0016-7061(03)00051-X, 2003.

Yang, L., Jin, S., Danielson, P., Homer, C., Gass, L., Case, A., Costello, C., Dewitz, J., Fry, J., Funk, M., Grannemann, B., Rigge, M.,
and Xian, G.: A New Generation of the United States National Land Cover Database: Requirements, Research Priorities, Design, and
Implementation Strategies, pp. 108—123, https://developers.google.com/earth-engine/datasets/catalog/USGS_NLCD#citations, 2018.

Zhang, Y., Kong, D., Gan, R., Chiew, F. H. S., McVicar, T. R., Zhang, Q., and Yang, Y.: Coupled Estimation of 500 m and 8-Day
Resolution Global Evapotranspiration and Gross Primary Production in 2002-2017, Remote Sensing of Environment, 222, 165-182,
https://doi.org/10.1016/j.rse.2018.12.031, 2019.

12


https://doi.org/10.3334/ORNLDAAC/1763
https://doi.org/10.1038/s41597-020-0444-4
https://doi.org/10.1038/s41597-020-0444-4
https://doi.org/10.1016/0016-7061(96)00019-5
https://doi.org/10/f6qfsx
https://doi.org/10/ghmkx8
https://doi.org/10/ghk2zb
https://waterdata.usgs.gov/ca/nwis/water_use/
https://doi.org/10.5194/hess-20-1459-2016
https://doi.org/10.1016/S0016-7061(03)00051-X
https://developers.google.com/earth-engine/datasets/catalog/USGS_NLCD#citations
https://doi.org/10.1016/j.rse.2018.12.031

€1

— Woody vegetation on shallow bedrock
Bedrock water withdrawn
each year from 2004 to 2017

Bedrock water withdrawn
some years between 2004 and 2017

_- Bedrock water not needed to expalain
ET over course of study

_|:] Criteria for calculation of D, .
not met

I:I Not classified as woody vegetation
on shallow bedrock

. Roots penetrating bedrock reported

Figure 1. The spatial extent of annual bedrock water withdrawal by woody plants in the continental United States. Colored areas encompass the extent of woody
vegetation (landcover types shrub and forest, (Yang et al., 2018)) where bedrock is encountered within the upper 1.5 meters (Soil Survey Staff, 2019) (see S1). This
area is divided into four colors reflecting locations where Dycdrock,y is greater than zero for each year of the study (green), Dyedrock,y is greater than zero for at
least one year of the study (pink), Dpedrock,y 1S not greater than zero for any years of the study (black), and Dyegrock,y is not determined because our analysis
criteria are not met (gray, see Methods). Where Dycdrock,y 1s greater than zero, withdrawal of bedrock water is necessary to explain observed ET (see methods).

Sites where rooting into bedrock is reported (blue circles) are listed in Supplemental File 1.
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Figure 2. The distribution of Dpedrock,y and sites with documented rock moisture use across Texas and California. (A) Map of Dpedrock,y for 2011 and 2017.
Dyedrock,y for all of CONUS is shown in S3. (B) Soil water storage capacity, Ssoii, (brown) and the median Dyecdrock,2004—2017 (blue) corresponding to locations
with documented plant use of rock moisture, i.e. bedrock water storage from the unsaturated zone. Site locations are shown on maps to right and correspond to the
following published studies: (1) Anderson et al. (1995), (2) Arkley (1981), (3) Bornyasz et al. (2005), (4) Fellows and Goulden (2017), (5) Hahm et al. (2020), (6)
Hellmers et al. (1955), (7) Hubbert et al. (2001a), (8) Hubbert et al. (2001b), (9) Pedrazas et al. (in revision), (10) Rempe and Dietrich (2018), (12) Sternberg et al.
(1996), (13) Witty et al. (2003), (14) O’Geen et al. (2018), (15) Graham et al. (1997), (20) McCole and Stern (2007), (23) Twidwell et al. (2014), (24) Litvak et al.
(2010), (27) Schwinning (2008). Studies that document rock moisture use but exist in locations which did not meet our criteria for calculation of Dycdrock,y (see

Methods) are shown on the map and include (22) Bleby et al. (2010) (23) Twidwell et al. (2014), (25) Heilman et al. (2014), and (26) Tokumoto et al. (2014).
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Figure 4. Boxplots shown of median and interquartile range of Sycarock across Koppen climate type (Peel et al., 2007) (left) and biome (MODIS landcover
classifications, Friedl and Sulla-Menashe (2015)) (right) for locations that meet analysis criteria (see Methods) shown in lower panel. The entire interquartile range
is non-zero for many biomes and climates, while boxes intersecting the horizontal axis include a significant number of pixels with no bedrock water storage (i.e.

Shedrock is 0). Biome and climate subgroups with less than 2000 km? are excluded.
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Figure 1

The spatial extent of annual bedrock water withdrawal by woody plants in the continental United States.
Colored areas encompass the extent of woody vegetation (landcover types shrub and forest, (Yang et al.,
2018)) where bedrock is encountered within the upper 1.5 meters (Soil Survey Staff, 2019) (see S1).
This area is divided into four colors reflecting locations where Dbedrock;Y is greater than zero for each
year of the study (green), Dbedrock;Y is greater than zero for at least one year of the study (pink),
Dbedrock;Y is not greater than zero for any years of the study (black), and Dbedrock;Y is not determined
because our analysis criteria are not met (gray, see Methods). Where Dbedrock;Y is greater than zero,
withdrawal of bedrock water is necessary to explain observed ET (see methods). Sites where rooting into
bedrock is reported (blue circles) are listed in Supplemental File 1.
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The distribution of Dbedrock;Y and sites with documented rock moisture use across Texas and California.
(A) Map of Dbedrock;Y for 2011 and 2017. Dbedrock;Y for all of CONUS is shown in S3. (B) Soil water
storage capacity, Ssoil, (borown) and the median Dbedrock;2004-2017 (blue) corresponding to

locations with documented plant use of rock moisture, i.e. bedrock water storage from the unsaturated
zone. Site locations are shown on maps to right and correspond to the following published studies: (1)
Anderson et al. (1995), (2) Arkley (1981), (3) Bornyasz et al. (2005), (4) Fellows and Goulden (2017), (5)
Hahm et al. (2020), (6) Hellmers et al. (1955), (7) Hubbert et al. (2001a), (8) Hubbert et al. (2001b), (9)
Pedrazas et al. (in revision), (10) Rempe and Dietrich (2018), (12) Sternberg et al. (1996), (13) Witty et al.
(2003), (14) O'Geen et al. (2018), (15) Graham et al. (1997), (20) McCole and Stern (2007), (23) Twidwell
et al. (2014), (24) Litvak et al. (2010), (27) Schwinning (2008). Studies that document rock moisture use
but exist in locations which did not meet our criteria for calculation of Dbedrock;Y (see Methods) are
shown on the map and include (22) Bleby et al. (2010) (23) Twidwell et al. (2014), (25) Heilman et al.
(2014), and (26) Tokumoto et al. (2014).
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Figure 3

Sbedrock as a fraction of total root-zone storage capacity. Only locations that meet our analysis criteria
(see Methods) are mapped. Figure S5 shows the magnitude of Sbedrock.
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Figure 4

Boxplots shown of median and interquartile range of Sbedrock across Koppen climate type (Peel et al.,
2007) (left) and biome (MODIS landcover classifications, Friedl and Sulla-Menashe (2015)) (right) for
locations that meet analysis criteria (see Methods) shown in lower panel. The entire interquartile range is
non-zero for many biomes and climates, while boxes intersecting the horizontal axis include a significant
number of pixels with no bedrock water storage (i.e. Sbedrock is 0). Biome and climate subgroups with
less than 2000 km2 are excluded.



