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Abstract

Critical Zone Ecohydrology of the Northern California Coast Ranges

by

William J Hahm

Doctor of Philosophy in Earth and Planetary Science

University of California, Berkeley

Professor William E. Dietrich, Chair

Earth’s critical zone includes plants as well as the heterogeneous near-surface layers into
which they are rooted: the soil, saprolite, and weathered bedrock. It is within the critical
zone (CZ) that water is stored and then released to streams and withdrawn by vegetation,
highlighting its importance to humans, ecosystems, and the functioning of the Earth system
in general. The research presented here is motivated by the global-scale challenges of map-
ping and predicting subsurface critical zone structure and understanding how that structure
impacts water routing and storage for terrestrial ecosystems. It addresses these challenges by
shedding light on inter-related ecohydrologic puzzles presented at the regional-scale across
natural landscapes in the Eel River watershed: What explains the persistence and domi-
nance of a particular species of oak, Quercus garryana, across savannas typified in the dry
season by rolling golden hills mantled by senesced annual grasses? What explains the sharp
ecotone that extends for hundreds of kilometers between this oak savanna community and
a dense evergreen forest in a region of similar climate? Why did plant communities in this
region fare better than others in the face of recent extreme drought?

By studying Quercus garryana’s ecophysiology, I show that the oak is extremely water-
limitation tolerant, which explains its ability to persist where a thin subsurface critical
zone provides limited water storage capacity. Through sapflow monitoring on mature trees
inhabiting an upslope position in the Central belt melange of the Franciscan, I reveal that
the oaks maintain high rates of transpiration throughout the summer dry season, even as pre-
dawn water potentials dropped to very low levels (below -3 MPa). At this site, Douglas fir has
not encroached upon the oak groves like it has elsewhere throughout their mutual range. This
is presumably due to Douglas fir’s lower water limitation tolerance, and anticipates Quercus
garryana’s likely persistence in a warmer, drier future along western North America.

Through geospatial analysis coupled with intensive hillslope- and catchment-scale hy-
drological observation, I show that under a similar climate, adjacent landscapes across an
extensive region of the Northern California Coast Ranges are either evergreen forest or de-
ciduous oak savannah depending on their subsurface lithology. This is due to lithologically
controlled contrasts in the extent of bedrock weathering and water storage capacity and
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thereby plant-available moisture in the summer dry season: a thick subsurface critical zone
stores ample moisture and supports evergreen forest, whereas an adjacent thin subsurface
critical zone sheds wet season rains and sustains savannah. The thick subsurface critical zone
occurs in the modestly deformed shales and sandstones of the Coastal belt of the Franciscan;
the thin subsurface critical zone occurs in the intensely deformed mud-matrix melange of the
Central belt of the Franciscan. An important difference between the rock types is the thick-
ness of the weathered bedrock layer; in contrast, the soil layer is of similar thickness. The
thicker weathered bedrock at the Coastal belt site results in a larger rock moisture reservoir,
i.e., unsaturated water residing within the weathered bedrock, which is primarily respon-
sible for sustaining summer transpiration after shallow soils have dried. Extensive drilling
was used to characterize the subsurface weathering extent and water storage dynamics, and
was complemented by point–scale precipitation monitoring, catchment-wide remotely sensed
evapotranspiration, and stream gauging to determine annual water budgets. Finally, late–
summer dry season pre-dawn water potential observations in the dominant trees at both
sites were used to compare subsurface water availability and show that where the weathered
bedrock was thicker and hosted more rock moisture, the forest was less water stressed.

The observation of plant-available water in the dry season being mediated by the water
storage capacity of the critical zone motivated a new hypothesis for how the subsurface can
regulate plant response to drought: where annual rainfall reliably exceeds subsurface storage
capacity, plant productivity and water use in summer should be insensitive to winter rainfall
variability, because the subsurface water storage is replenished in wet and dry years alike.
A simple ecohydrologic model for water storage in seasonally dry, Mediterranean climates
predicts that storage will be replenished most reliably where the average precipitation is
high relative to the subsurface storage capacity and winter evapotranspiration, and where
year-to-year variability in precipitation is low. In order to test whether this storage-capacity
limited behavior indeed decouples plants from inter-annual rainfall variability, running winter
water balances were calculated for all unimpaired and generally undisturbed rain-dominated
Mediterranean USGS catchments, using runoff, gridded precipitation and remotely sensed
evapotranspiration as input data. These water balances revealed that sites in the Northern
California Coast Ranges exhibited storage-capacity limitation, unlike most of the rest of the
state. At all of the sites in the Northern California Coast Ranges, the consistent summer
plant water supply resulted in plant insensitivity to rainfall variability, as revealed by re-
motely sensed summer plant greenness. Such sites are inherently resilient to meteorological
drought, helping to explain the lack of mortality in the region in the extreme 2011-2016
drought.
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Chapter 1

Introduction

When vascular plants transpire, returning moisture to the atmosphere through leaf stomata,
they act as low resistance pathways for water between the relatively wet, high water potential
subsurface and the often desiccating, low water potential atmosphere. Transpiration plays a
central role in the terrestrial hydrologic cycle and, via feedbacks with the carbon cycle, is a
crucial process in the functioning of the Earth system as a whole. Our understanding of the
controls on transpiration—including controls on the distribution, function and sensitivity to
global change of vascular plants—remains incomplete, and has been identified as an impor-
tant research priority in the United States [National Research Council, 2012]. In general,
where disturbance and land use can be discounted, climate patterns offer the best explanation
for present-day global plant biome distribution and function [Holdridge, 1947; Woodward,
1987; Whittaker, 1975; Stephenson, 1990]. Shifts in climate are similarly expected to drive
shifts in plant communities [Kelly and Goulden, 2008; Loarie et al., 2009], provided dispersal
can keep pace with migrating temperature and precipitation zones. Nevertheless, significant
uncertainty exists in our ability to predict and explain the existing distribution of plants.
Plant response to environmental change, including higher temperatures, higher atmospheric
carbon dioxide concentrations, and increasingly variable precipitation [Swain et al., 2018], is
also incompletely understood. This knowledge gap has resulted in parallel efforts to better
understand the physiology of plants as well as the aspects of their physical environment that
impact their function, including the supply of energy, nutrients and, not least, water. The
controls on subsurface water supply and their interaction with plants are the primary focus
of this dissertation.

The subsurface is structured, and can be divided into different zones where water storage
occurs. In most landscapes, the thickness of the soil—the uppermost layer—is generally
less than one meter, and in many uplands less than half a meter [Amundson et al., 2015].
Trees are commonly rooted directly into the weathered bedrock that underlies soil (e.g.,
Hellmers et al. [1955]; Scholl [1976]), which retains relict bedrock structures like sedimentary
bedding. During dry periods, thin soils desiccate via drainage and evapotranspiration, and
plant transpiration may be sustained by deeper water sources (e.g., Mooney et al. [1974];
Schwinning [2010]). Although porosity is typically lower in the underlying highly weathered
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saprolite and weathered bedrock than in soil, the depth to fresh bedrock is commonly many
meters below the ground surface in upland areas, resulting in a weathered bedrock water
storage reservoir (containing both unsaturated and saturated zones) that is potentially larger
than the soil water reservoir [Graham et al., 2010]. Indeed, many studies in winter-wet,
summer-dry Mediterranean climates have highlighted the ecological significance of water
sourced from weathered bedrock by arguing for tree water extraction from this deeper zone
in the dry summer [Lewis and Burgy, 1964; Anderson et al., 1995; Arkley, 1981; Zwieniecki
and Newton, 1996; Rose et al., 2003; Baldocchi et al., 2004; Miller et al., 2010; Bales et al.,
2011; Salve et al., 2012; Rempe and Dietrich, 2018; Eliades et al., 2018; Zunzunegui et al.,
2018].

In spite of the studies listed above, near-surface, typically shallow soils, like those mapped
by US Natural Resources Conservation Service (NRCS), have historically been—and continue
to be—the focus of efforts to understand plants’ belowground physical environment. The
US National Science Foundation supported Critical Zone (CZ) Observatory Program has for
the past decade, however, placed an emphasis on understanding the entire zone of weathered
material near Earth’s surface—including bedrock beneath the soil—and its connection to
the biosphere [Anderson et al., 2004]. This perspective is a geological one, in which uplift
and erosion bring bedrock towards Earth’s surface while channels incise and drive the devel-
opment of topographic gradients for the transport of soil. Over geologic timescales this soil
works its way down slopes and into channels. Collectively, these processes result in landscape
evolution, carving hillslopes and valleys out of the Earth. The Earth’s land surface has been
mapped extensively—first by boots-on-the-ground surveying, and subsequently by aerial or-
thophotos, satellite interferometry, and more recently, at high resolution with airborne laser
imaging. Although out of sight compared to the land surface, and therefore poorly mapped,
a no less important surface—the weathering front—takes shape beneath hillslopes. As rocks
are exhumed, they encounter new thermal, chemical, biological, and pressure conditions in
the near surface, causing fractures to open and minerals to chemically transform. Beneath
the soil, Earth’s weathering engine is at work liberating nutrients and generating porosity
for water storage within the bedrock Graham et al. [2010]. Various weathering fronts can ex-
ist, defined by, for example, the inception of alteration or dissolution of particular minerals.
In general, the lowest boundary, defined by as a low permeability boundary of unweath-
ered bedrock, sets the bottom of the critical zone. Direct glimpses into the fracturing and
chemical alteration of bedrock are generally limited to road cuts, quarries, and boreholes;
the general difficulty of characterizing and observing this zone is largely responsible for our
limited understanding of its role in impacting plant function, distribution, and sensitivity to
global change. This is one of the reasons the deep critical zone has recently been referred to
as the “frontier beneath our feet” [Grant and Dietrich, 2017]. Importantly, very little work
exists that has directly focused on plant physiology and how it interacts with the subsurface
weathering structure that directly impacts water storage dynamics.

Differences in terminology exist across disciplines when categorizing the subsurface pools
of water that supply transpiration. Here I divide these pools into three groups, in a way that
captures both saturation state and the physical (or geomorphic) state of the material: (i)
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soil moisture, which occurs as unsaturated water from the ground surface to the base of the
physically mobile regolith . Soil moisture has commonly been used to describe all unsaturated
zone moisture, and sometimes all subsurface water (both saturated and unsaturated), but
here I separate it from (ii) rock moisture (sensu Salve et al. [2012]; Rempe and Dietrich
[2018], see also Schwinning [2010]), which is similarly unsaturated, but found below the
soil, within the saprolite (which has soil-like texture but is physically immobile and retains
relict bedrock structure) and the fractures and matrix of deeper weathered bedrock (the
weathered zone bedrock zone including saprolite is referred to as the C horizon in pedologic
studies), and (iii) groundwater, which completely fills pore spaces regardless of the material
it occupies. Groundwater is typically below soil and rock moisture but occasionally intrudes
upon these layers due to water table perching or complete saturation of the subsurface.
Thus, soil moisture is distinguished from rock moisture by the material in which it resides
(a spatial, material-based distinction); and groundwater is distinguished from soil and rock
moisture by saturation state (which may change in time at any given location). Together
these sources constitute the subsurface water of Earths critical zone–the near-surface, life-
sustaining layer extending from fresh bedrock at depth upwards to the top of the vegetation
canopy.

Here, I build on previous work at the Eel River Critical Zone Observatory (ERCZO)
in Mendocino County, California, and present three case studies of how the interaction
of plants and their subsurface physical environment govern regional-scale ecohydrological
patterns. These studies are spatially nested, ranging in scale across Chapters 2 through 4
from individual leaves and trees to hillslopes and watersheds to entire landscapes.

The first study presented here (in Chapter 2) was originally motivated by the striking
distribution of a particular tree species, commonly the only woody plant found growing in
a sea of herbaceous groundcover in Mendocino County, California (Figure 1.1). Eventually,
observation expanded into a detailed study of the species, Quercus garryana (Oregon white
oak, also called Garry oak), one of Western North America’s most culturally and ecologically
significant oaks. Chapter 2 weaves together the historical fire ecology of Q. garryana with
a suite of new intensive field-based ecophysiological measurements of its water relations.
Q. garryana has experienced radical habitat reduction associated with Euro-American fire
exclusion over the past century, leading to widespread conifer encroachment and the endan-
germent of biodiverse oak savanna ecosystems. The study is framed in light of anticipated
warming in the coming century, and asks how the oak will fare in a warmer future. It
provides a comprehensive process-level portrait of the oak’s water use, water potential dy-
namics, and sensitivity to hydraulic stress. These details can be used to explain extant
biogeographic patterns and can be incorporated into land-plant-atmosphere models. The
new ecophysiological observations indicate that the oak is extremely water-limitation toler-
ant, and therefore suggests that it may be resilient to further encroachment by more easily
water stressed conifers. A novelty of this study is the union of two important threads in
the literature that have rarely been brought together: conservation and biodiversity of oak
savanna ecosystems and process-level ecophysiological water relations of trees.

The second study presented here (Chapter 3) is motivated by a puzzling juxtaposition
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Figure 1.1: A pair of Oregon white (Garry) oaks thrive in a harsh savanna environment
in the Central Belt mélange in the Northern California Coast Ranges. Photo courtesy of
Wendy Baxter.

of radically different plant communities that border one another for a significant portion of
the Northern California Coast Ranges (Figure 1.2). From west to east, as one moves across
the landscape inland from the Pacific coast in Mendocino County, the towering evergreen
forest abruptly gives way to a sparse deciduous oak savanna-woodland. Although rainfall
generally decreases inland, it does not decrease quickly enough to explain this sudden vege-
tation transition, and the savanna-woodland receives 1800 mm of rain on average each year,
compared to the 2000 mm a year in the evergreen forest to the west. Instead, the ecotone
separating the plant communities coincides with a geologic contact separating different belts
of the Franciscan. The fact that globally the savanna-woodland plant community is more
commonly found in environments that receive approximately five times less rainfall hinted
to us early on that a subsurface water supply limitation may explain the existence of the
savanna-woodland. Chapter 3 summarizes findings from extensive drilling and intensive hy-
drologic observations at two hillslopes and catchments that lie opposite one another on either
side of the geologic contact. These investigations revealed how the subsurface structure of
the critical zone determines how water is shed from landscapes and how much water can
be seasonally stored. The densely forested site had a thicker subsurface critical zone which
results in higher water storage capacity, more productive ecosystems, runoff generation from
deeper groundwater, and greater summer streamflow. Where the subsurface critical zone is
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Figure 1.2: Oblique birds-eye view looking north along the Northern California Coast Ranges
reveals a sharp ecotone separating a evergreen mixed broadleaf-needleleaf forest (to the west)
from a deciduous oak savanna-woodland (to the east). Yellow line is the geologic contact
separating the Coastal belt (west) from the Central belt (east) of the Franciscan complex,
after Langenheim et al. [2013]. Google Earth image taken by David Dralle.

thin and storage capacity is limited, the subsurface completely saturates, and the landscape
sheds incoming rain via surface runoff. This lithologically driven water storage limitation
therefore explains the presence of an oak-savannawoodland in the Northern California Coast
Ranges where rainfall is ample.

The final study presented here (Chapter 4) is primarily motivated by diverse plant com-
munity responses to drought. Much has been written about the physiological response of
plants to water stress, and a paradigm of how trees die in drought has existed for more than
a decade [McDowell et al., 2008]. The basic framework is that two fundamental mechanisms
kill trees when water supply declines, with the particular mode of mortality depending on
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plant behavior. One strategy in drought, referred to as anisohydricity, is for trees to keep
their stomata open in order to continue fixing carbon. Although this maintains the plant’s
energy supply it provokes sustained water loss and subsurface drying, resulting in a harder
“pull” (greater negative pressure) on the continuous water column that extends through the
xylem from the subsurface to the leaf. Excessive tension in this column can result in cavita-
tion and abrupt hydraulic failure. The second strategy, referred to as isohydricity, is for trees
to close their stomata to prevent water loss and excessive tension in their vascular network.
However, this strategy prevents carbon from entering the leaf, leading to starvation. The
first mode of mortality can be discrete and sudden, and is likely a function of the severity
of the drought; the second mode is prolonged, and can be more a function of the duration
of the drought. This paradigm provides a useful physiologic framework for interpreting how
low water availability mechanistically leads to tree death, but it does not fundamentally ad-
dress the conditions required for a decline in precipitation to actually become a shortage of
water supply—in other words, when and why a meteorological drought becomes hydrological
drought. That depends on the interactions between precipitation patterns and subsurface
water storage dynamics, and is the subject of Chapter 4.

The stage for Chapter 4 was set when a period of low precipitation and high temper-
atures began in 2011, peaking in 2014, across the state of California. It was, according
to various historical and proxy records, the most severe drought in more than a thousand
years [Griffin and Anchukaitis, 2014]. Accompanying concerns for municipal and agricultural
water supplies—and the first state-wide water conservation mandates [Office of Governor,
California, 2015]—more than a hundred million mature trees died [US Forest Service, 2016a].
This tree mortality was presumably due to the combined effects of steep declines in precip-
itation, increases in temperature, and acute pest-related pressures. The drought provided
a stark backdrop to efforts by those of us working at the ERCZO in the Northern Califor-
nia Coast Ranges, where very few trees appeared to be dying (Figure 1.3), to understand
how the subsurface critical zone structure mediates subsurface water storage and supply to
plant communities. Over the course of several years a variety of clues emerged from tree-,
hillslope- and catchment-scale observations, explaining why diverse plant communities along
the North Coast—spanning oak woodland to dense old growth Douglas fir—generally sur-
vived the drought, unlike other areas in the state. These observations were collected at
Rivendell, the intensively monitored hillslope at the Angelo Coast Range Reserve in the
dense conifer forest along the south fork of the Eel River, and Sagehorn Ranch, the nearby
intensively monitored oak woodland site in the Central Belt of the mélange, both part of the
ERCZO.

One of the first key observations came from repeat down-borehole neutron probe surveys
at Rivendell. These measurements enabled detection of changes in water content in the
vadose zone. Rempe and Dietrich [2018] observed that the tens-of-meters thick unsaturated
(soil and rock moisture) zone exhibits a common wet-up and dry-down cycle year after year.
A maximum moisture content is reached, akin to field capacity, relatively early (in terms of
the cumulative precipitation) in the wet season (Figure 1.4); subsequent rains do not further
elevate the water content, but instead water passes to the groundwater table, where rising
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Figure 1.3: Widespread tree die-off in the Sierra Nevada (top, photo credit US Forest Service)
contrasted with healthy mixed conifer-broadleaf forest at the Angelo Coast Range Reserve
(bottom, photo credit Collin Bode) in the recent extreme California drought.
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Figure 1.4: Vertical profiles of rock moisture expressed as volumetric water content, θ, in
a subset of wells at the Angelo Coast Range Reserve show that similar minimum (red)
and maximum (blue) θ is reached in different years. Seasonal cumulative precipitation at
the time of the wet-season measurement is shown in parentheses in the legend. Colored
vertical bars on the right of each graph illustrate the zone of water table fluctuation identified
via groundwater monitoring (left bars) and the weathering profile characteristics identified
during drilling (right bars). Caption and figure adapted from Rempe and Dietrich [2018].

water levels drive increased runoff and streamflow.
A distinct but related hydrological behavior is observed at Sagehorn in the mélange,

where the weathered zone is much thinner. After the first 100–200 mm of rain in the wet
season, the entire subsurface saturates, resulting in saturation overland flow as Dralle et al.
[2018] and Hahm et al. [2019b] observed. Thus, the saturated zone storage reaches a common
maximum value at various times throughout a particular wet season, and further rain does
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Figure 1.5: End-of-summer site-wide average and standard error tree pre-dawn water poten-
tial, a metric of relative plant water availability in the subsurface and internal plant water
stress. Although the two sites are different (see details in Chapter 3), no detectable differ-
ence exists between years with very different total winter precipitation (2015: approximately
1600 mm; 2017: approximately 3500 mm).

not produce greater water storage. These observations are consistent with catchment-scale
observations at Sagehorn’s Dry Creek, and at Rivendell’s Elder Creek. Running mass bal-
ances of catchment-wide storage, inferred from rainfall inputs and evapotranspiration and
runoff outputs, indicate that storage increases at the start of the wet season, but then lev-
els off, with further rain causing runoff but not greater storage [Dralle et al., 2018; Hahm
et al., 2019b]. These observations suggested that—in this rain dominated Mediterannean
environment—variations in total annual precipitation do not translate into variations in the
amount of stored water between years, but instead cause differences in total winter runoff.

The final clue came from the trees themselves: we observed little mortality or foliage
die-back at either site. Furthermore, end-of-summer predawn water potentials—a metric
of subsurface water availability and plant water stress—while different between sites were
indistinguishable at a given site between very wet years and relatively dry years (Figure 1.5).

Collectively, these observations indicated that the water storage capacity is ‘capped’ by
the subsurface weathering profile structure, and, at these North Coast sites, is much lower
than the average annual rainfall. This situation is depicted in the cartoon of Figure 1.6.

Hence, the final study presented here directly addresses the question of when a shortage
of precipitation becomes a shortage of water supply to plants. Chapter 4 proposes—counter
to common wisdom—that low water storage capacity in Earth’s critical zone (which includes
soil and weathered bedrock) relative to average rainfall can decouple plant community pro-
ductivity and water use from rainfall variability, and conversely that relatively large storage
capacity increases plant sensitivity to annual swings in rainfall totals. A simple model and
analysis of watersheds in winter wet, summer dry climates in California reveal that where
it consistently rains much more than the subsurface can store, a similar amount of water
is stored belowground in both relatively wet and dry years, with excess rainfall leaving as
runoff. This results in the hypothesis that storage-capacity limitation would result in sim-
ilar year-to-year summer plant water availability, in spite of highly variable winter rainfall.
Satellite observations revealed that summer plant greenness was insensitive to swings in pre-
cipitation at these storage-capacity-limited sites. Contrary to predictions based primarily
on tree density and rainfall deficits, these sites did not experience widespread mortality in
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Figure 1.6: Cartoon depicting a relatively small subsurface water storage capacity, in the
form of the cups below, which will be filled in both dry (left) and wet (right) years, because
the average rainfall (above) is so much larger.

the 2011–2016 extreme drought.

Open questions and future directions

The work presented here raises many unanswered questions, which I describe here as starting
points for future work:

—How can subsurface water storage capacity be predicted at large spatial scales? Ad-
dressing this question is central to incorporating more accurate ecohydrologic parameters
(including, importantly, storage capacity in weathered bedrock below the soil) into Earth
system models. Two avenues appear particularly promising: 1) mass-balance methods for
tracking actual dynamic water storage over seasonal cycles (with geophysical methods such
as the GRACE satellites or GPS-determined surface deformation due to the mass loading of
water), and 2) using plants as “sensors” to detect how sensitive plants are to year-to-year
precipitation variability; the latter is being explored in collaboration with David Dralle for
which a related manuscript is in preparation.

—What governs critical zone evolution and the subsurface architecture of weathered
bedrock, which is argued here to have a primary control on the routing and storage of water
in the subsurface? In Chapter 3 a tentative explanation for the relatively thin extent of
weathering in the Central belt mélange is offered, and much more work could be done.
Progress on this front both locally and globally requires significantly more exploration of the
subsurface, in order to generate datasets that span lithologic, climatic, and uplift gradients
which can be used to test predictions emerging from models of CZ evolution.

—How does hillslope tree water use (in contrast to riparian tree water use) in summer
impact baseflow in seasonally dry environments? A common assumption at the center of
most previous considerations is that tree water use and stream baseflow are drawn from
the same subsurface reservoir, such that increased tree water use should therefore detract
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from the reservoir that drives summer baseflow. An alternative hypothesis has emerged from
studying catchments in the Eel River watershed, particularly from the Rivendell hillslope
bordering Elder Creek, described in Chapters 3 and 4. There, a suite of evidence suggests
that summer baseflow is primarily generated from groundwater, whereas hillslope tree water
use is sourced from the overlying vadose zone in both weathered bedrock and the soil. We
hypothesize that if the hillslope trees were removed, the vast majority of the water they use
over the summer would essentially sit statically in the vadose zone, at a “field capacity”-
like state, and drain at a negligible rate to the underlying groundwater. Thus, there would
not be increased summer baseflow at a particular date in the middle of the summer dry
season. There would, however, be a shorter lag time for runoff to increase in response to the
first winter rains, not only because of decreased interception, but also because the vadose
zone “sponge” would not have as great a storage deficit that requires replenishment before
triggering drainage to the underlying saturated zone (e.g., Salve et al. [2012], where higher
head gradients arise that increase runoff. This line of reasoning is closely related to the
following questions.

—What would the seasonal rock moisture dynamic be in the absence transpiration by
vegetation, which is largely responsible for the summer water drawdown of hillslope vadose
zone water storage at Rivendell? This question is ripe for a paired-hillslope treatment ex-
periment, wherein a network of boreholes are exploited via neutron and nuclear magnetic
resonance logging to monitor the intra-hillslope vadose zone water storage dynamic before
and after a forest clearing or girdling treatment (alongside a non-cleared/girdled control).

—What is the origin of diel oscillations in stream stage and groundwater tables in the
Northern California Coast Ranges? Field investigations focusing on high precision measure-
ments of seasonally changing phase lag and amplitude are being planned now, which should
help reveal whether diel oscillations arise due to i) direct tapping of groundwater by hillslope
and/or riparian trees; ii) diel reductions and (possible increases) in groundwater recharge
from the saturated zone, and/or iii) a pressure wave transmission through the unsaturated
zone to the water table.

—The storage-capacity limitation mechanism described in Chapter 4 provides a mech-
anism by which summer plant water availability in the dry season can be decoupled from
year-to-year swings in rainfall variability in a Mediterranean climate. This result raises
a closely related question: to what extent is summer baseflow in seasonally dry climates
similarly decoupled from rainfall variability? Preliminary analysis is tractable with the ex-
isting USGS gauge network, but an in-depth look at this problem would benefit from greater
hillslope-scale observations of unsaturated and saturated zone water storage dynamics across
sites with varying ratios of subsurface water storage capacity to average annual rainfall.

Note: Some of the text in this Introduction is adapted from the plain language summaries
of Hahm et al. [2019b] and Hahm et al. [2019a].
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Chapter 2

Controls on the distribution and
resilience of Quercus garryana:
ecophysiological evidence of oak’s
water-limitation tolerance

2.1 Abstract

The composition of forests in Western North America is changing. The decline in the shade-
intolerant Oregon white oak (Quercus garryana var. garryana) is attributed to increased
competition with the tall-growing Douglas fir (Pseudotsuga menziesii var. menziesii) as a
result of widespread fire exclusion. In a warmer, drier future, both species will experience
increased water stress, and their distribution will depend on ecophysiological adaptations to
water limitation, of which little is known for Q. garryana. Here, we report a suite of new
ecophysiological observations to better understand the oak’s water-limitation tolerance, in
order to predict its fate in a changing climate. Our study site in the Central Belt of the
Franciscan complex in the Northern California Coast Ranges receives almost no rain in the
leaf-on growing season and has limited subsurface water storage capacity. In spite of low
pre-dawn water potentials (Ψ; to below −3.0 MPa), mature trees maintained high rates of
sap flow. Sap flow continued due to a high Ψ gradient (−1.6 MPa on average) at mid-day
between shoots and the subsurface (inferred from pre-dawn measurements) throughout the
dry season. Depletion and recharge of stored water in stem tissue and leaves helped to
sustain transpiration. Leaves experienced low Ψ (below −4 MPa), and declining hydraulic
conductance yet remained functional. Pressure-volume curve analyses revealed that the
maintenance of positive turgor pressures in leaves at low Ψ may be attributable to dynamic
adjustment due to changes in cell wall elasticity. The turgor loss point may be of limited
use in delineating ecophysiological limits to growth and reproduction, as transpiration and
apparently normal physiological behavior continued after pre-dawn water potentials declined
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below turgor loss limits inferred from rehydrated leaves. These findings indicate that Q.
garryana is a water-limitation-tolerant tree species that maintains hydraulic function as
subsurface water supply and atmospheric demand conditions exceed the ranges at which
P. menziesii can operate. These observations can be used to explain Q. garryana’s extant
species range and anticipate its likely resilience in a warmer climate.

This chapter is adapted from Hahm, W., Dietrich, W., and Dawson, T. (2018). Controls
on the distribution and resilience of Quercus garryana: ecophysiological evidence of oak’s
water-limitation tolerance. Ecosphere, 9(5):e02218.

2.2 Introduction

The composition and function of ecosystems are undergoing rapid alteration [Foley et al.,
2005; Marlon et al., 2008; Loarie et al., 2009]. Globally, tree species distributions depend
primarily upon water availability [Holdridge, 1947; Woodward, 1987], which in turn depends
on precipitation patterns, atmospheric demand for water, and, in seasonally dry climates,
the capacity of the subsurface to store and release water to terrestrial ecosystems [Jones and
Graham, 1993; Anderson et al., 1995; Porporato et al., 2001]. Warm dry periods can result
in widespread mortality: In the state of California alone, the most recent drought resulted
in the death of more than one hundred million trees [Asner et al., 2016; US Forest Service,
2016b], a vivid example of the limits of ecosystems to climate perturbations. These types of
events have spurred research into understanding plant response to changing climate, with a
particular emphasis on water-use strategies and species-level traits that prolong functioning
in drought [McDowell et al., 2008; Allen et al., 2010; Bartlett et al., 2012; West et al., 2012].

Alteration of natural and historic fire regimes can interact with water limitation. In
western North America, for instance, fire-intolerant conifers (primarily coast Douglas Fir,
Pseudotsuga menziesii var. menziesii) have encroached upon oak habitat in the wake of
post-Euro-American-contact fire exclusion—that is, the cessation of intentional burning and
the active suppression of naturally ignited fires [Sprague and Hansen, 1946; Devine and
Harrington, 2006; Pellatt and Gedalof, 2014]. The dominant oak along most of the Pacific
west coastal mountains, Quercus garryana Dougl. ex. Hook. var. garryana (Oregon White
or Garry oak), has experienced radical habitat loss yet has received relatively little research
on its ecophysiology within its ecological context [exceptions include Phillips et al., 2003a;
Davis, 2005; Kelly, 2016; Merz et al., 2017]. This information gap hinders our ability to
predict and manage the oak’s fate as climate warming accelerates [Smith et al., 2015]. The
success of physiologically based mechanistic models of species-level sensitivity to climatic and
subsurface water status relies on accurate parameterization of how key plant traits respond
in concert to water limitation. Although individual traits have been studied [Phillips et al.,
2003b; Davis, 2005; Meinzer et al., 2005, 2016; Johnson et al., 2009, 2012; Merz et al., 2017],
the collective water relations of wild, mature Q. garryana have not been documented.

In seasonally dry Mediterranean climates, water availability is generally out of phase with
solar energy supply. Plants develop strategies and traits to obtain water as the subsurface
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progressively dries. As turgor (the pressure inside plant cells that provides rigidity) is gen-
erally required for hydraulic function, there is a tendency for species with low turgor loss
points (TLPs) to be water-limitation tolerant, and plants with low TLP tend to be found in
more xeric habitats [Bartlett et al., 2012; Meinzer et al., 2016]. Significant variability in the
TLP exists among co-occurring or even sympatric species, however, and seasonal and daily
plasticity of osmotic potential or cell wall elasticity can prolong turgor loss [Joly and Zaerr,
1987; Dawson and Bliss, 1989; Marshall and Dumbroff, 1999]. This indicates that the TLP
alone is insufficient to adequately characterize a species’ sensitivity to water limitation for
many predictive purposes and highlights the need for a more comprehensive understanding
of individual species’ water-use strategies to predict resilience to climate change and inform
management decisions.

Quercus garryana range

Within Q. garryana’s naturally occurring range (Figure 2.1), annual average precipitation
increases more than tenfold, from <170 mm in the Tehachapi Mountains of southern Cal-
ifornia to >2000 mm in the Cascades of Oregon [Stein, 1990]. Quercus garryana has the
largest north–south range of any west-coast oak and is the only native oak in Washington
and British Columbia and the principal native oak in Oregon. At the northern end of Q. gar-
ryana’s range, oak woodlands appear to be concentrated in the relatively xeric microclimates
induced by orographic shielding [Pellatt and Gedalof, 2014]. Such biogeographic associations
and findings from Franklin and Dyrness [1973] led Minore [1979] to rank Q. garryana as the
most drought-tolerant common tree species in the Pacific Northwest. Quercus garryana’s
competitive advantage over faster-growing species in the wetter parts of its range derives in
large part due to its adaptation to fire.

Quercus garryana and fire

Conservationists predict that status quo fire exclusion in western North America will continue
to result in takeover of Q. garryana woodlands and savanna by P. menziesii [Reed and
Sugihara, 1987]. This prediction is based on the assumption that throughout their mutual
range (Figure 2.1) Pseudotsuga menziesii can outcompete Q. garryana in fire-excluded areas,
and the obsevation that many Q. garryana woodlands and savannas persisted through the
Holocene primarily due to the role of fire, whether anthropogenic or naturally ignited [Devine
and Harrington, 2006; Pellatt and Gedalof, 2014]. Two centuries of fire exclusion, after
millennia of intentional burning that promoted oak habitat, resulted in significant conversion
of oak woodlands and savanna to conifer habitat on the west coast [Cole, 1977; Barnhart
et al., 1996; Thysell and Carey, 2001; Sugihara et al., 2006; Christy and Alverson, 2011;
Dunwiddie et al., 2011; Gilligan and Muir, 2011; McCune et al., 2013; Cocking et al., 2015,
but see exceptions in Thilenius, 1968; Gedalof et al., 2006; McDadi and Hebda, 2008]. Unlike
Q. garryana, P. menziesii is highly susceptible to fire, particularly when young [Engber and
Varner, 2012]. As firs grow, they become more fire resistant and shade out Q. garryana,
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savannas persisted through the Holocene pri-
marily due to the role of fire, whether anthro-
pogenic or naturally ignited (Devine and
Harrington 2006, Pellatt and Gedalof 2014).

Two centuries of fire exclusion, after millennia
of intentional burning that promoted oak habitat,
resulted in significant conversion of oak wood-
lands and savanna to conifer habitat on the west
coast (Cole 1977, Barnhart et al. 1996, Thysell and
Carey 2001, Sugihara et al. 2006, Christy and
Alverson 2011, Dunwiddie et al. 2011, Gilligan

and Muir 2011, McCune et al. 2013, Cocking et al.
2015, but see exceptions in Thilenius 1968, Geda-
lof et al. 2006, McDadi and Hebda 2008). Unlike
Q. garryana, P. menziesii is highly susceptible to
fire, particularly when young (Engber and Varner
2012). As firs grow, they become more fire resis-
tant and shade out Q. garryana, reducing growth
and ultimately resulting in mortality (Devine and
Harrington 2006, Gould et al. 2011).
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Fig. 1. (a) Map showing distribution of Quercus garryana and Pseudotsuga menziesii in western North America
and study area (black triangle). The Q. garryana range is almost entirely subsumed by P. menziesii, except at its
western- and southern-most margins. Range maps were generated from the union of Little (1971) shapefiles pro-
vided by the USGS and scanned, georeferenced, and digitized maps by Griffin and Critchfield (1972) of the state
of California, which include smaller, geographically isolated populations at higher spatial resolution. Study area
map (b) created from semi-transparent canopy height raster draped over hillshade derived from first return ele-
vations. Elevation contour labels in meters above sea level; white-outlined numbers show the location of study
trees (see Table 1).
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Figure 2.1: (a) Map showing distribution of Quercus garryana and Pseudotsuga menziesii
in western North America and study area (black triangle). The Q. garryana range is almost
entirely subsumed by P. menziesii, except at its western- and southern-most margins. Range
maps were generated from the union of Little [1971] shapefiles provided by the USGS and
scanned, georeferenced, and digitized maps by Griffin and Critchfield [1972] of the state
of California, which include smaller, geographically isolated populations at higher spatial
resolution. Study area map (b) created from semi-transparent canopy height raster draped
over hillshade derived from first return lidar elevations. Elevation contour labels in meters
above sea level; white-outlined numbers show the location of study trees (see Table 2.1)
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reducing growth and ultimately resulting in mortality [Devine and Harrington, 2006; Gould
et al., 2011]. Fire exclusion and the consequent loss of oak savanna and woodland adversely
affect ecosystem biodiversity. Quercus garryana savanna and woodland host higher levels of
species richness than any other terrestrial habitat in California and coastal British Columbia,
including numerous at-risk species [California Department of Forestry, 1996; Erickson, 1996;
Fuchs, 2001; Zack et al., 2005; Parks Canada, 2006b,a; Pellatt et al., 2015]. The great
biodiversity in Q. garryana savanna and woodland ecosystems—and its disappearance under
closed-canopy conifer forests—has prompted numerous managers and conservationists to
begin manual conifer removal projects and/or prescribed fire treatments [Hastings et al.,
1997]. This issue remains at the forefront of conservation efforts along the west coast [Miller,
2002; Thompson, 2007; Dunwiddie and Bakker, 2011].

To explore Q. garryana’s susceptibility to climate warming and its ability to compete
with P. menziesii in a warmer future, we selected a field site in the Coast Ranges of Northern
California where locally Q. garryana is common. Due to an extremely limited subsurface
water storage capacity [Hahm et al., 2019b], the Q. garryana stands at our study site are not
experiencing invasion by P. menziesii [Hahm et al., 2017b]. We propose that studying the
water relations of Q. garryana at this site will inform the water-availability conditions that
Q. garryana can tolerate but P. menziesii cannot. We further explored whether Q. garryana
is more water-limitation tolerant than P. menziesii by comparing the water relations of Q.
garryana to existing literature on the relatively better-studied P. menziesii, including a
detailed water-use study in an area of essentially identical climate across a geologic contact
where P. menziesii is the dominant canopy-emergent species [Link et al., 2014].

We hypothesized that, relative to P. menziesii, Q. garryana would (1) maintain a gradient
between pre-dawn and mid-day Ψ longer into the dry summer growing season, (2) maintain
higher late dry-season sap flow, reflecting continued water use and photosynthesis, (3) exhibit
a lower leaf TLP, and (4) have less vulnerable hydraulic pathways. Our findings support all of
these hypotheses. Quercus garryana is exceptionally water-limitation tolerant; it maintains
sap flow at low water potentials (<−4 MPa in leaves), at times when neighboring P. menziesii
exhibit marked declines, and exhibits a lower TLP and less vulnerable leaf hydraulic network
than P. menziesii. These observations, in conjunction with paleo- and modern climate
responses of the two species, suggest that extant Q. garryana woodlands and savanna will
persevere as the west coast of North America continues to warm.

2.3 Methods

Site description

The study site, Sagehorn, is located in the main stem Eel River watershed in the Northern
California Coast Ranges and is part of the National Science Foundation-supported Eel River
Critical Zone Observatory (Figure 2.1). The site is ∼25 km east of the Pacific Ocean at 700
m above sea level. This study complements ongoing ecohydrological efforts to understand
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the influence of subsurface weathering profiles on hydrologic runoff pathways and regional
forest distribution [Hahm et al., 2019b], oak water sourcing dynamics as inferred via stable
isotopes [Hahm et al., 2017a], dynamic hillslope water storage [Dralle et al., 2018], and the
extent of dry-season wetted stream channels [Lovill et al., 2018].

Climate, geology, and soils.—The site experiences a Mediterranean climate with hot,
dry summers and cool, wet winters. Nearly all of the precipitation falls as rain between
November and April. The annual average rainfall is ∼1800 mm, and the average temperature
is 13.3 ◦C (version M2; PRISM Climate Group, Oregon State University, http://prism.
oregonstate.edu).

The site lies within the Central belt mélange, a chaotic metasedimentary belt of the
Franciscan complex [Jayko et al., 1989; McLaughlin et al., 1994], which underlies ≈50% of
the Eel River watershed [Langenheim et al., 2013]. The matrix of the mélange is argillaceous
and encompasses coherent blocks of greywacke, chert, and minor high-grade metamorphics
and ultramafics [Blake and Jones, 1974; Cloos, 1982]. Formerly active earth flows are common
at the site, but the study trees are situated close to the local topographic divide, above relict
earthflow topography (Figure 2.1).

Soils at the site are classified as mollisols [Rittiman and Thorson, 2001]. Near the study
trees, a typically 30 cm thick brown–black organic-rich granular mineral A horizon abruptly
overlies a yellow-gray, massive 10–20 cm thick Bt horizon that has a sharp decrease in organic
matter content and higher clay content. Below the Bt horizon lies a weathered-bedrock zone,
and by ∼2–4 m depth, there is fresh, dense mélange with very low porosity that remains
perennially saturated. Soil pits and hand augering revealed fine roots and fungal hyphae
throughout the A and B horizons as well as the underlying weathered rock, to depths of at
least 2 m. The A and B horizons are dilationally disturbed by roots and animal burrowing,
leading to their progressive displacement downslope. Infiltrating rain collects in the pores of
the weathered bedrock, and with sufficient rainfall, the pores become saturated throughout
the subsurface, driving groundwater to the surface and promoting wide-spread saturation
overland flow in the winter wet season (see descriptions in Hahm et al. [2019b] and Lovill
et al. [2018]).

Vegetation and study trees.—The site is characterized by heterogeneous vegetation com-
munities. Areas underlain by predominantly mélange matrix are commonly grassland–
savannah (on south-facing slopes) and woodland (on north-facing slopes). The herbaceous
groundcover is primarily annual and non-native. Quercus garryana is the dominant wood-
land/savannah species, with occasional California buckeye (Aesculus californica) and Cali-
fornia black oak (Quercus kelloggii). Recruitment patterns inferred from an exploratory tree
survey in the study area of >2800 individual trees indicated that stand species composition
does not appear to be changing (e.g., juvenile and seedling Q. garryana are the dominant
under the canopy of mature Q. garryana, and typically not found elsewhere; Hahm et al.
[2017b]). Large sandstone blocks at the site support dense forests of Douglas fir and Pacific
madrone (Arbutus menziesii). These vegetation assemblage patterns correlate with differ-
ences in seasonal water storage capacity controlled by the contrasting thickness and porosity
of the subsurface weathered bedrock [Hahm et al., 2019b].

http://prism.oregonstate.edu
http://prism.oregonstate.edu
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We chose small representative groups of monospecific stands of Q. garryana developed on
the mélange for intensive study, and to account for possible effects of aspect, selected a stand
from a savanna on a south-facing slope and from woodland on the paired north-facing slope
(Figure 2.1). The trees ranged from 20 to 65 cm diameter at breast height (see Table 2.1).
Canopy heights inferred from first vs. last return lidar (acquired by NCALM) and handheld
impulse laser (Impulse 200 LR, Laser Technology, Englewood, Colorado, USA) ranged from
3.6 to 13.4 m. Mean canopy drip-line radii (calculated from the average of four cardinal
directions) ranged from 3.0 to 7.4 m. Age determination from rings obtained via increment
borers was not feasible due to the hardness of the heartwood; historical air photographs
suggest that the study stands were established well before 1954, yielding a minimum age
of 64 yr. The trees are situated on the sides of gently sloping hollows near channel heads
(Figures 2.1, 2.2). The study trees, like most of the Q. garryana at the site, are variably
colonized by evergreen American mistletoe (Phoradendron leucarpum subsp. Tomentosum).

Weather observations

In the spring of 2015, we installed a meteorological station in a grass-dominated area at the
topographic divide between Hank and Dry creeks ∼200 m east of the study trees (Figure
2.1). The station records precipitation (Hyquest TB4), temperature and relative humidity
(Vaisala HMP50-L, Vantaa, Finland), wind speed and direction (RM YoungWind Monitor
05103-L), total solar radiation (Li-Cor LI200X-L Pyranometer Shortwave), and barometric
pressure (Vaisala PTB110, Vantaa, Finland) every 5 min. We calculated the vapor pressure
deficit (VPD), defined as the saturated vapor pressure of the air (es) minus the actual vapor
pressure of the air (ea), from the relative humidity and the temperature following Snyder
[2005].

Tree water potential measurements

Shoot water potentials (Ψ) were measured with a Scholander-type pressure chamber (Model
1000 Pressure Chamber Instrument, PMS Instrument Company; Albany, Oregon, USA),
following procedures in Boyer [1995]. We measured on a biweekly to monthly basis, from
the end of the 2015 growing season to the end of the 2016 growing season. All shoots were
collected between 1.5 and 2.5 m from the local ground surface. Immediately after excision,
shoots were placed into sealed plastic bags in a dark container until measurement 5–60 min
later. Pre-dawn Ψ samples were collected between 1.5 and 0.5 h before sunrise, and mid-day
samples were collected between 11:00 and 14:30 hours, with two to three shoots collected from
full to partial sun positions. We performed two averaging steps to report the pre-dawn and
mid-day mean Ψ at a particular date, by first averaging all the shoots from an individual
tree at a particular time of day, then averaging across all trees at the site. To highlight
the seasonal evolution of the Ψ gradient from subsurface to shoot, indicative of stomatal
control on mid-day Ψ and water acquisition strategy more generally, we also compare paired
pre-dawn and mid-day Ψ for individual trees.
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Figure 2.2: Perspective view of south-facing slope study trees, illustrating their geomorphic
context (above first-order channel head) and savanna setting. First-return lidar point cloud
above bare-earth hillshade shows density of data used to create canopy height in Figure 2.1.
Points were clipped to include only those >1 m above the ground, brown-beige-green color
scale shows increasing height above ground surface. Scale varies in this perspective view;
Tree #1 is approximately 13 m tall.
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Interpretation of pressure chamber values.—Pre-dawn Ψ is considered diagnostic of sub-
surface water availability within the rhizosphere, subject to two factors that tend to bias this
interpretation in opposite directions: (1) to the extent that sap flow continues at night, due
to nighttime transpiration and/or tissue rehydration [Donovan et al., 2003; Dawson et al.,
2007], the pre-dawn tree Ψ will remain lower than the rhizosphere Ψ, and (2) pre-dawn
tree Ψ is biased toward the higher Ψ (wetter) reservoirs in the rhizosphere, due to higher
hydraulic conductance in these areas [Améglio et al., 1999]. Here, we adopt pre-dawn Ψ as
the imperfect yet most physiologically relevant metric of subsurface water availability, and
mid-day Ψ as the relevant metric impacting stomatal control and hydraulic limitations such
as leaf turgor loss and hydraulic vulnerability of xylem.

Stem vs. leaf potential

In order to determine the magnitude of the Ψ drop between stem and leaf, we maintained
individual leaves in Ψ equilibrium with their stems at mid-day by preventing transpiration.
To accomplish this, we bagged single leaves in plastic before sunrise to promote 100% relative
humidity and enclosed them with foil to exclude sunlight. At mid-day, when the leaves
received full to partial sunlight, we excised the bagged leaves and opposite non-bagged leaves
from the same shoot at the base of the petiole with a razor blade and measured them in
a pressure chamber. A variation of this method was employed by Hellkvist et al. [1974]
to determine the gradient of Ψ along trunks, and earlier by Begg and Turner [1970], who
referred to this method in analogy to a tensiometer placed into the tree.

Pressure-volume relations

Recent analyses suggest that relative symplastic water content (RWCsym) and Ψ at the TLP
(MPa, also known as the wilting point) are primarily functions of the osmotic potential at full
turgor (ΨS100, MPa) and the symplastic cell wall modulus of elasticity [ε, MPa; Bartlett et al.,
2012]. These cell properties may adjust dynamically on both seasonal and diurnal timescales
[Dawson and Bliss, 1989; Meinzer et al., 2014] to depress the TLP and maintain hydraulic
function at low Ψ. Leaves are typically fully rehydrated to an initial Ψ = 0 MPa prior to
determination of pressure-volume (PV) curves; however this rehydration may dynamically
alter ε or ΨS100, and hence the inferred ΨTLP [see for example Meinzer et al., 1986]. One
approach to identifying this plasticity is to establish PV curves for both rehydrated and non-
rehydrated leaves (to capture short-term dynamics), at different times throughout the course
of the year (to capture seasonal dynamics). We adopted this approach and collected shoots
with 5–15 mature leaves at dusk or dawn, when water potentials were generally relaxed. To
rehydrate samples, we excised leaves underwater near the petiole base with a razor blade and
then left petioles in deionized water for >3 h in a dark cooler at ≈100% relative humidity.
We used a spreadsheet template designed by Cameron Williams (UC Berkeley/Franklin &
Marshall College; see Williams et al. [2017]) to visually identify and remove over-hydrated
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samples (the plateau effect) and determine all PV-curve parameters. Slopes and intercepts
were determined via standardized major axis line fitting [Warton et al., 2006].

The principal metrics of interest were computed as follows: to estimate ΨS100, we plotted
−1/Ψ against 1−RWC (total relative water content) and extrapolated the linear (post-TLP)
part of the curve to the ordinate. RWC is a derived parameter that requires the leaf dry mass
and saturated water content mass, obtained by extrapolation to the abscissa-intercept on a
plot of Ψ vs. leaf water mass (this enables the estimation of saturated water content when
the first water potential measurement is below zero or when the plateau/over-hydration
effect is present; Kubiske and Abrams [1990]). The apoplastic water fraction (AWF) is
determined from the abscissa-intercept of −1/Ψ vs. 1−RWC post-turgor loss. We calculate
ε (the symplastic cell wall modulus of elasticity) by finding the slope on a plot of the pressure
component of cell water potential (ΨP) against RWCsym prior to turgor loss. At turgor loss,
ΨP goes to zero, and the osmotic potential (ΨS) fully defines the total water potential. ΨTLP

can then readily be determined from the abscissa-intercept in a plot of pre-turgor loss ΨP

vs. ΨS. We calculated absolute area-normalized leaf capacitance C (mmol · m−2 ·MPa−1)
as the mass of water in a fully rehydrated leaf multiplied by the slope of RWC vs. Ψ and
divided by A and the molecular weight of water [Blackman and Brodribb, 2011].

Leaf hydraulic conductance

We estimated leaf hydraulic conductance (K) as a function of leaf Ψ using the leaf-as-a-
capacitor method [Brodribb and Holbrook, 2003]. On 26 July 2016, between 06:00 and
06:30 hours, we collected branches with multiple shoots from six Q. garryana individuals
(the same individuals instrumented with sap flow sensors and seasonally monitored for Ψ).
Pressure-volume relations from leaves from these branches were determined, including pre-
turgor loss C. The branches were recut under water and left to rehydrate with their cut
ends in water in a dark cooler. On 27 July 2016, we removed the cut ends from water and
allowed the branches to slowly dry on the laboratory bench. Prior to determining leaf Ψ, we
sealed branches in dark coolers for at least 20 min to promote equilibration of water potential
among leaves. We selected one leaf, measured its initial Ψ0 with a pressure chamber, then cut
its closest neighbor underwater, and allowed it to rehydrate through the petiole for 15–40 s.
We then immediately determined the final Ψf. We calculate leaf K (mmol ·m−2 ·MPa−1 ·s−1)
via K = C ln [Ψ0/Ψf ]/t, where t is time in seconds [Brodribb and Holbrook, 2003]. We used
the pre-turgor loss C (255 mmol ·m−2 ·MPa−1) from rehydrated leaves for all measurements,
even when the initial water potential was below the mean TLP of leaves collected that day.
We opt for this method because most Ψ0 and Ψf points were above or spanned the TLP.

Sap flow

We measured trunk sap flow every half hour from midsummer 2015 to fall 2016 on four
trees (Table 2.1) with copper-constantan thermocouples at 12.5 mm depth into the sapwood
(ICT International Pty, sensor model HRM30, Armidale, Australia; see Marshall [1958]).
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All sensors were placed between 2.5 and 3.5 m above the ground along the main trunk below
any photosynthetic tissue and secondary branches, in order to minimize interference from
cattle, deer, elk, and black bear. Because probes are rarely perfectly spaced, at times of no
flow a non-zero velocity may be inferred. To correct for this, following Link et al. [2014],
we assume that no gradient in water potential to leaves is maintained during the three
hours before sunrise when relative humidity is between 92% and 95%. At lower humidity,
nighttime sap flow may occur due to non-negligible VPDs; at higher humidity, dew may
condense on leaves, resulting in rehydration and sap flow toward roots. At these times, we
take the median sap flow velocity for each sensor to be the true zero flow rate. We then
employed the correction procedure for the heat-ratio method outlined in Burgess et al. [2001]
to rescale all datapoints to the zero flow rate, assuming a thermal diffusivity of 2.5 × 10−3

m2/s. To compare trends in the seasonal and diurnal patterns in sap flow between trees
in relation to subsurface water availability and leaf water potential, we normalized all sap
flow velocities, following Link et al. [2014]. First, we identified outliers clearly attributable
to sensor malfunction, which led us to trim the dataset to exclude values below −5 and
above 50 cm/h. Occasional unphysical spikes or drops in sap flow were still present in the
resulting datastream, which we eliminated by trimming the dataset again to exclude values
below the 2.5 and above the 97.5 percentiles recorded for the entire time series of each
individual sensor. We normalized the resulting dataset to the maximum value recorded by
each individual sensor during its deployment. We present the entire datastream from each
sensor, with a slight transparency to display the changing relative density of data. This
time series highlights the daily maxima and minima sap flow throughout the measurement
campaign in relation to environmental variables. We also determined the seasonality of total
sap flow for each tree by summing normalized sap flow velocities by month, then averaging
the resulting sums across all trees. When half-hourly data were missing due to equipment
malfunction, we used linear interpolation to infill. We also sought to analyze seasonal changes
in the diurnal sap flow pattern by averaging the normalized daily sap flow pattern by month,
then averaging across all trees.

Piston dendrometers

To measure seasonal growth patterns and diurnal patterns of water storage, we installed
point piston dendrometers (Natkon Model ZN11-T-WP, resolution of ≈1 μm; see Zweifel
et al. [2006]) on trunks, adjacent to the sap flow probes. The dendrometers measured the
combined radial displacement of inner bark, cambium, and sapwood relative to a heartwood
frame of reference. Sapwood is the largest component volumetrically, typically composing
15% of stem basal area in Q. garryana [Meinzer et al., 2005]. We used a rolling median
filter with a single timestep limit of 10 μm to filter occasional sensor noise. We show the
time series during the 2016 growing season of the three trees that did not experience sensor
malfunction (#165, #1, and #4), and the average composite diurnal pattern by month of
these same trees to highlight the daily patterns of growth and the magnitude of water storage
and extraction.
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2.4 Results

All terms, symbols, and units are defined in Table 2.2.

Weather

The rain gauge recorded 1976 mm of precipitation in the 2016 water year (Figure 2.3). This
relatively wet winter was preceded by four years of drought that affected most of the state
of California. No crown dieback was observed on any of the trees selected for this study at
the end of the drought or in 2016 following the wetter winter, nor for that matter on any
of the mature Q. garryana at the site. The last major winter storms of 2016 occurred in
April, totaling 76 mm of precipitation, followed by minor storms in May (20 mm) and June
(17 mm), with no measured precipitation in July, August, or September. Maximum daily
summer temperatures routinely exceeded 30 ◦C, and during heat waves, nighttime minima
did not fall below 20 ◦C. These high temperatures resulted in daytime VPDs above 4 kPa,
and on warm nights, the VPD remained above 1 kPa.

Leaf phenology

Leaves on Q. garryana at Sagehorn emerge rapidly in late April through mid-May, and
persist until mid- to late November, longer than co-occurring Q. kelloggii. Quercus garryana
on south-facing slopes tend to keep their leaves 1–2 weeks longer than those inhabiting north-
facing slopes. We did not observe drought-deciduous behavior in four years of observation
(2014–2017); instead, most leaves typically fall after the first significant wet-season rains.

Table 2.2: Symbols, units, and terms.

Symbol Units Term
K mmol ·m−2 ·MPa−1 · s−1 Leaf hydraulic conductance
C mmol ·m−2 ·MPa−1 Leaf hydraulic capacitance
TLP MPA Turgor loss point
Ψ MPA Water potential
ΨS MPA Osmotic potential
ΨS100 MPA Osmotic potential at full turgor
ΨP MPA Pressure potential
ε MPA Symplastic cell wall modulus of elasticity
RWCtotal (decimal) Total leaf relative water content
RWCsym (decimal) Leaf symplastic relative water content
AWF (decimal) Apoplastic water fraction
A cm2 One-sided leaf area
SLA m2/kg Specific leaf one-sided area
LMA g/m2 Leaf mass per one-sided area
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Figure 2.3: Time series of (a) pre-dawn and mid-day shoot Ψ, (b, c) climate, and (d) sap
flow in mature Quercus garryana. Sap flow remains high in late summer (d) in spite of low
subsurface water availability (low pre-dawn Ψ in a), and lack of summer precipitation (b). In
(d), slight transparencies highlight the density of data. Cumulative water year precipitation
in (b) is missing for 2015 due to incomplete record. Non-zero sap flow during winter when
Q. garryana lacks leaves in (d) is attributable to evergreen mistletoe.



CHAPTER 2. OAK’S RESPONSE TO WATER LIMITATION 26

Table 2.3: Comparison of Ψ along the subsurface-plant-atmosphere continuum on two dry-
growing season days.

Ψ(−MPa, average ± standard
error of the mean)

Parameter 25 July 2016 26 August 2016
Pre-dawn shoot 0.94± 0.14(n = 20) 2.53± 0.33(n = 17)
Mid-day stem 2.38± 0.10(n = 6) 3.03± 0.23(n = 6)
Mid-day shoot 3.21± 0.12(n = 21) 3.86± 0.19(n = 15)
Mid-day leaf 3.66± 0.09(n = 6) 4.14± 0.19(n = 6)

Tree water potential

Seasonal pattern.—Pre-dawn shoot Ψ declined throughout the 2016 growing season (Figure
2.3), from mid-May pre-dawn values of −0.38 ± 0.02 MPa, n = 7 (mean of individual tree
mean ± individual tree means standard error, n = number of trees) and −1.81± 0.03 MPa,
n = 7 (at mid-day) to mid-September pre-dawn values of −2.88 ± 0.34 MPa, n = 6, and
mid-day values of −4.34±0.22 MPa, n = 6. Two trees (#4 and #166) had average pre-dawn
Ψ below −3.5 MPa by mid-September. With the return off fall rains in early November,
pre-dawn Ψ rose to values indistinguishable from 0 MPa. Both intra-tree and inter-tree Ψ
heterogeneity increased as the growing season progressed, with pre-dawn and mid-day values
tightly clustered in May and exhibiting large scatter by September.

Time course of hydraulic gradient.—Figure 2.4 shows pre-dawn vs. mid-day shoot Ψ
paired by individual tree on a particular sample day throughout the growing season. On
average, a 1.6 MPa hydraulic gradient is maintained in spite of absolute declines in potential:
The gradient at the start of the dry season, when pre-dawn Ψ was on average −0.4 MPa,
was not markedly different than at the end of the dry season, when pre-dawn Ψ in some
trees approached −4.0 MPa.

Stem, leaf, and shoot Ψ.—Figure 2.5 shows a sharp drop (∼1.2 MPa) between leaf and
stem Ψ at mid-day. Mid-day shoot Ψ lies between leaf and stem Ψ, and is closer to leaf Ψ
than stem Ψ (Table 2.3), consistent with shoot Ψ representing a weighted average of leaf
and stem. In late summer (26 August 2016), the Ψ drop between mid-day stem and mid-day
leaf was larger than the Ψ drop between pre-dawn shoot and mid-day stem.

Leaf water relations inferred from pressure-volume curves

The pressure-volume curves exhibited high coefficients of determination (R2 > 0.95) for
linear relationships between pre-turgor loss ΨP vs. ΨS and post-turgor loss 1/Ψ vs. 1−RWC
(see example relations and graphical definitions of terms from one individual leaf in Figure
2.6; parameters for all leaves are summarized in Table 2.4). Curves with fewer than four
pre-turgor loss measurement points were discarded. This resulted in the loss of three non-
rehydrated leaves from the 17 September 2016 measurement campaign, which we infer were
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−2, and −3 MPa isopotential gradients for reference.
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Figure 2.5: Comparison of stem and leaf Ψ from the same shoot at mid-day across two
summer days shows consistent >1 MPa hydraulic gradient from stem to leaf. Numbers on
horizontal axis refer to tree ID (see Table 2.1 and site map in Figure 2.1).

too close to the TLP at the start of measurement. The average TLP for all measurements
was −3.61 MPa (Table 2.4) and varied by nearly 1 MPa across initial hydration status and
dates, from a high of −3.28 MPa for rehydrated leaves on 26 July 2016 to a low of −4.26
MPa for non-rehydrated leaves on 17 September 2016. The TLP increased when leaves
were rehydrated and generally decreased throughout the season. The average ΨS100 for all
measurements was −2.93 MPa, and ΨS100 varied by a relatively smaller extent between initial
hydration status and dates, from an average high of −2.74 MPa for rehydrated leaves to an
average low of −3.17 MPa for non-rehydrated leaves. ΨS100 decreased slightly on average
throughout the season and tended to decrease with rehydration. Bulk tissue elastic modulus,
ε varied little seasonally, but showed a strongest response to rehydration, approximately
doubling on each date from values of ≈10 to ≈20 MPa, translating to much more rigid
leaf tissue at higher initial water contents. RWCsym at the TLP also varied systematically
with initial hydration status but not season, with rehydrated leaves exhibiting much higher
RWCsym than non-rehydrated leaves. The size of leaves measured for PV curves did not vary
systematically.

Leaf hydraulic conductance ( K)

K decreased with decreasing leaf Ψ in a sigmoidal fashion (Figure 2.7). A Weibull-type
vulnerability curve fit to the data indicates that the maximum K is 13.7 mmol · m−2 ·
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Figure 2.6: Example pressure-volume (PV) curve from a rehydrated Q. garryana leaf col-
lected from tree #5 on September 17, 2016, showing pre- (filled) and post- (empty) turgor
loss points. Plots (a)–(c) show graphical derivation of important leaf water relations met-
rics: the turgor loss point (TLP), cell wall symplastic modulus of elasticity (ε) and relative
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gor (ΨS100), and the apoplastic water fraction (AWF). All lines (grey) are determined with
standardized major axis fitting.
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Figure 2.7: Leaf hydraulic vulnerability curve shows decline in the leaf hydraulic conductance
(K ) as leaf water potential (Ψ) declines.

MPa−1 · s−1. The midpoint (50% loss between maximum and minimum) occurs at a leaf Ψ of
−3.35 MPa, and >95% of the loss occurred over a range of 2 MPa spanning this midpoint.
K inferred at low Ψ would be approximately two times lower than presented values if the
post-TLP capacitance was used in calculations.

Sap flow

Diurnal trends.—Sap flow exhibits a common diurnal pattern throughout the primary grow-
ing season (May–September; Figure 2.8 shows composite monthly averaged patterns across
all trees). At pre-dawn sap flows in the trunk, from an April average of ∼5% of the max-
imum, increasing to 12% during the driest, hottest month of the year. Sap flow increases
rapidly and monotonically for four hours after sunrise, on average across all trees studied
∼60% of the total range. A mid-day depression occurs, after which sap flow rebounds to a
daily peak in the mid-afternoon in the summer months between 70% and 90% of the maxi-
mum recorded sensor value. With decreasing sunlight, sap flow declines at a lower rate than
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Figure 2.8: Average diurnal sap flow pattern across each month of the 2016 growing season.
Sap flow is high in the dry-season summer months, continues at night, and exhibits a mid-
day depression. Closer to the solstice, the onset of sap flow in the morning occurs earlier and
the evening decline occurs later. Curves do not reach 0% or 100% as the monthly averaged
behavior shown here averages across multiple trees and includes days when sap flow did not
reach the minimum or maximum recorded.

the morning rise for five to six hours and at sunset is typically ≈25% of the maximum value
(a factor of ≈2 higher than the pre-dawn value). A slow monotonic decline continues until
dawn. In April and October, which bookend the growing season, sap flow does not rise to
midsummer highs. Nighttime flows are similarly reduced but remain positive pre-dawn.

Seasonal trends.—Phenological observations of leaf out and leaf loss indicate that the
early-season (April–May) ramp-up of sap flow coincided with increasing leaf area, and late-
season (October–November) declines in sap flow coincided with leaf loss. During the months
of highest photosynthetically active radiation, from the beginning of May through mid-
September, sap flow returned to near its maximum recorded value for each tree each day but
declined in response to short-duration (1–3 d) storms (Figure 2.3). Total sap flow (which
is directly correlated with total transpiration) reached a peak in midsummer (Figure 2.9),
when atmospheric moisture demand was highest and subsurface water availability was low, as
indicated in the VPD and pre-dawn Ψ time series (Figure 2.3). High sap flow throughout the
dry-growing season occurred while shoots maintained hydraulic gradients with the subsurface
of >1 MPa (Ψ difference between pre-dawn and mid-day), even as both pre-dawn and mid-
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Figure 2.9: Total integrated sap flow per month, normalized to the maximum month recorded
by each sensor. Sap flow peaks during the summer months with greatest insolation in spite
of negligible precipitation.

day water potentials declined (Figure 2.4). In the winter wet season, sap flow continued on
leafless trees parasitized with evergreen mistletoe on warm, dry days (Figure 2.3), indicating
that some portion of the hydraulic pathway remained active throughout the year. We do
not know the extent to which mistletoe accounts for total sap flow in summer, although its
relatively small leaf area suggests its contribution should be minimal.

Piston dendrometers

Seasonal trends.—The sapwood, cambium, and inner bark increased in size radially in the
early part of the growing season (April–July) by ≈1–3 mm, then remained approximately
constant in size during the latter half of the summer (July–September; Figure 2.10). Rain in
April and May as well as October abruptly increased radial size, which then shrunk slowly
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Figure 2.10: Radial displacement of sapwood, cambium, and inner bark away from the trunk
in the 2016 growing season. Early growing season increase reflects sapwood growth. Smaller
amplitude oscillations (see Figure 2.11) reflect diurnal water storage and release. Abrupt
increases that decay after a period of days reflect rehydration of inner bark and sapwood
due to rain (vertical gray lines, right y-axis).

over the course of a few days.
Diurnal trends.—Each day, the sapwood, cambium, and inner bark increase in size until

early dawn, then begin to shrink as the sun rises, until late afternoon when they begin to
increase again through the night (Figure 2.11). Net positive radial size increases of ≈20
μm/d occur in the early (April–June) and late (October) months of the growing season,
consistent with the seasonal observations of net positive displacement in Figure 2.10. The
daily amplitude of radial size change increases from ≈10 μm in the early spring to ≈25 μm in
the late summer months. The dendrometers recorded continual size changes, with no month
exhibiting a time of day when radial size remained constant.

2.5 Discussion

Here, we discuss the interacting environmental and physiological factors that regulate Quer-
cus garryana’s water relations. We contrast our findings with previously published reports
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Figure 2.11: Average daily displacement of sapwood, cambium, and inner bark away from the
trunk in a heartwood reference frame (positive is radially outward) across all instrumented
trees each month of the 2016 growing season. The start of each 24-h period is fixed to zero
to highlight inter-month dynamics. Spring–early summer months exhibit net positive daily
displacement, reflecting sapwood growth, and the amplitude of displacement is highest in
midsummer, reflecting greatest daily uptake and release of stored water.

on a variety of oaks and Q. garryana’s perceived competitor, Pseudotsuga menziesii. We
then step back and juxtapose these individual observations with the effects of modern and
paleoclimate shifts on these species’ populations. Together, the data lead us to conclude
that Q. garryana is an exceptionally water-limitation-tolerant species that will be favored
in the increasingly arid climate.

Water potential

Relatively high and uniform pre-dawn Ψ in May likely reflect access to shallow groundwater.
Pre-dawn Ψ slowly declined for three months from the beginning of May and remained above
−1 MPa in late July on average (Figure 2.3). One month later, pre-dawn values were below
−2.5 MPa. This precipitous drop is likely caused both by the declining availability of easily
extracted groundwater [see also Hahm et al., 2017a] and an inflection point in the subsurface
water characteristic curve, where at low volumetric water contents water potential may
decrease rapidly during drying (we lack characteristic curve measurements to confirm this).
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Site-wide average late-season (mid-September) 2016 Ψ values were similar to late-season (late
September) 2015 Ψ values of −2.57 ± 0.28 MPa, n = 5 (pre-dawn; mean ± standard error
of the mean, number of trees), and −4.38 ± 0.22 MPa, n = 5 (mid-day), consistent with a
common seasonal evolution of pre-dawn Ψ across years, in spite of confounding factors such
as varied late spring rains, one week difference in sampling dates, and different total water
year rains. This common evolution of Ψ may arise due to an upper limit on subsurface water
storage at the site that is much less than mean annual precipitation, as explored in Hahm
et al. [2019a].

The pre-dawn Ψ observed here is far lower than previous reports of mature Q. garryana.
Late summer Q. garryana pre-dawn Ψ across a wide range of sites in Oregon was >−1.5
MPa on average in 60-yr-old, 13 m tall individuals [Kelly, 2016], ≈ −0.5 MPa in mid-late
summer for ≈15-yr-old individuals [Johnson et al., 2009], >−1.5 MPa for stump sprouts to
30-yr-old individuals [Davis, 2005], and >−1.0 MPa for 30 m tall individuals [Phillips et al.,
2003a]. The Ψ we observed is higher, however, than the pre-dawn summer Ψ in mature Q.
douglasii of ≈ −6.2 MPa in the foothills of the Sierra Nevada [Xu and Baldocchi, 2003].
Anderson and Pasquinelli [1984] found Q. douglasii replacing Q. garryana along a mesic-
to-xeric moisture gradient in Sonoma County, and the Q. douglasii range generally extends
into more xeric habitat, indicating that it is likely more water-limitation tolerant.

Seasonally declining mid-day Ψ to maintain sap flow indicates that in this particular
environment stomata remain open, enabling carbon assimilation in desiccating conditions.
This is consistent with the observation of greenhouse-grown Q. garryana seedlings maintain-
ing positive carbon assimilation rates even after a 42-d period of drying when soil volumetric
water content dropped below 2% [Merz et al., 2017]. Davis [2005] similarly plotted mid-day
vs. pre-dawn Ψ of mature Q. garryana in Oregon [Davis, 2005: Figure 3.10] and found a
steep slope across the range of pre-dawn Ψ observed (to approximately −1.5 MPa).

Meinzer et al. [2016] observed the Ψ evolution of Q. garryana seedlings subjected to
drought in a greenhouse and also found large pre-dawn to mid-day ΔΨ (>1 MPa) at pre-
dawn water potentials <−4 MPa. However, as their drought experiment continued, pre-dawn
Ψ equaled mid-day Ψ at −6 MPa, indicating that there was no longer a gradient between root
and shoot, consistent with stomatal closure (or hydraulic failure). This suggests that strict
anisohydric behavior [sensu McDowell et al., 2008] does not apply to Q. garryana’s water-
use regulation across the entire range of extreme dry conditions that may be encountered in
nature, consistent with recent work that suggests that where plants map onto the anisohydry–
isohydry continuum is likely contingent on intrinsic factors as well as the environmental
conditions experienced [Meinzer et al., 2016; Mart́ınez-Vilalta and Garcia-Forner, 2017].

Stem, leaf, and shoot Ψ.—The Ψ drop between root and stem, which occurs over a
relatively long distance (order decameter), is of the same order of magnitude as that between
stem and leaf (order decimeter; Table 2.3). Continuity of sap flow implies a large increase in
resistance in the hydraulic pathway at the stem–leaf transition, due to either lower hydraulic
conductivity or smaller functional xylem cross-sectional area, which reduce the hydraulic
conductance (K). This indicates a much lower K in the leaf than in the roots, trunk, and
distal stems. The leaf vulnerability curve is consistent with this finding: Leaf K drops
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dramatically at low leaf Ψ (Figure 2.7). Stem hydraulic conductivities measured elsewhere
in Q. garryana indicate that they may decline less in response to declining Ψ. Davis [2005]
found relatively high rates of leaf-specific twig xylem hydraulic conductivity that did not
change significantly throughout the growing season. Domec et al. [2007] found relatively
high rates of trunk-specific conductivity, and Merz et al. [2017] observed that stem hydraulic
conductivity losses remained below 50% to <−3.6 MPa in seedlings.

Leaf pressure-volume curves

Comparison of leaf parameters and dynamic adjustment.—The TLP (−3.61 MPa) and ΨS100

(osmotic potential at full turgor; −2.93 MPa) measured in this study for Q. garryana are
both below 95% of reported values in a global compilation of 248 (TLP) and 303 (ΨS100)
species, spanning a broad range of climatic settings [Bartlett et al., 2012]. This is a first-order
indication of the ability of Q. garryana’s leaves to maintain basic hydraulic function at the
low water potentials encountered in the course of a dry season or drought. Three previous
studies report TLP values for Q. garryana of ≈ −3.45 MPa [seedlings; Meinzer et al., 2016],
≈ −3.95 MPa [Johnson et al., 2009] and −3.2 to −3.6 MPa [Davis, 2005]. These values
were all derived from rehydrated leaves from Oregon and fall within the range of values we
measured for individual leaves, indicative of a general convergence in this trait across its
geographic range.

Davis [2005] also reported ΨS100 which was higher (between −2.00 and −2.75 MPa)
than found in this study, suggesting that an environmental or genetic factor affects this leaf
property. The comparable TLP of Davis [2005] in spite of higher ΨS100 may be attributable
to generally low ε (elasticity; ≈13.5 MPa). This is because a decrease in either ΨS100 or ε
lowers the TLP, as described by Bartlett et al. [2012]: TLP = (εΨS100)/(ε+ΨS100) (depicted
graphically by the contour plot in Figure 2.12). Bartlett et al. [2012] found that the TLP
is more sensitive to changes in ΨS100 than ε given the range of common plant values; that
is, a 1 MPa decrease in ΨS100 will typically depress the TLP much more than a 1 MPa
decrease in ε. Furthermore, in a global meta-analysis of biomes associated with different
water supplies, Bartlett et al. [2012] found that adjustments in ΨS100, and not ε, primarily
explained adjustments in the TLP that conferred water-limitation tolerance to dry-biome
species. The analytical expression of TLP from Bartlett et al. [2012] predicted the TLP we
derived (see Figure 2.6), except at very low TLP (Figure 2.12 inset plot). Furthermore, an
equivalent change in ΨS100 has a much larger effect on TLP than ε across most of the leaves
studied here. However, because ε varied much more (∼100% relative change) than ΨS100

(∼15% relative change) across sample dates and initial hydration status, the Q. garryana
TLP was also sensitive to ε, particularly as it approached values <10 MPa (Figure 2.12). This
effect was most pronounced between non-rehydrated and rehydrated leaves, with rehydrated
leaves exhibiting a stiffening of the cell wall (increasing ε) and consequently a diminishing
effect on TLP.

Sustained sap flow and stomatal opening at Ψ below the TLP.—We observed high sap
flow in late summer (Figure 2.9) as pre-dawn shoot Ψ dropped below −3.6 MPa and mid-day
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Figure 2.12: The turgor loss point (TLP; labeled contours) as a function of ΨS100 and ε,
based on the analytical formulation of Bartlett et al. [2012]. The TLP is more sensitive to
ΨS100 than ε for a given 1 MPa change in either term, but ε varies much more than ΨS100, and
is lower for non-rehydrated leaves, illustrating a potential mechanism for TLP depression in
leaves experiencing low Ψ. Inset shows TLP (x-axis) inferred as described in the Methods
section and illustrated in Figure 2.6 compared to analytical prediction of Bartlett et al. [2012]
as a function of ΨS100 and ε.
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shoot Ψ dropped below −4.5 MPa (Figure 2.4). Leaves experienced even lower Ψ (Table 2.3).
Given the average TLP of −3.61 MPa, this indicates that stomata remained open during
leaf turgor loss. Johnson et al. [2009] observed maximum daily stomatal conductance in Q.
garryana coincident with daily minimum leaf Ψ at −3.6 MPa. Mitchell et al. [2008] observed
pre-dawn leaf Ψ lower than the TLP inferred from PV curves of rehydrated leaves for species
growing in a dry biome in southwest Australia, and Meinzer et al. [2016] documented Q.
garryana seedlings with pre-dawn Ψ<−4 MPa and mid-day Ψ nearing −6 MPa [Meinzer
et al., 2016’s Figure S4], with a TLP of ≈ −3.45 MPa [Meinzer et al., 2016’s Figure 4].
Farrell et al. [2017] concluded that water-limitation-tolerant plants can keep stomata open
at Ψ lower than the TLP. Continued sap flow at Ψ lower than the TLP suggests that (1) leaf
stomata remain open and sap flow continues post-turgor loss, (2) dynamic depression of the
TLP occurs, and that this depression is poorly captured in traditional PV curves, (3) the
TLP occurs at different Ψ for different cells in the leaf, with the PV curve inferred bulk leaf
average TLP possibly higher than guard cell TLP, or (4) leaf Ψ lowers substantially between
excision and measurement in the pressure chamber. While condition (4) must occur to some
extent in Q. garryana, it seems unlikely to produce the large (>1 MPa) discrepancies noted
above, especially at pre-dawn when stomata are shut and given the observation in obtaining
PV curves that uncovered leaves lose water slowly at low Ψ. The most likely explanation for
continued sap flow at pre-dawn Ψ below the TLP is a poorly captured dynamic adjustment
of TLP in traditional PV curves. This explanation is also consistent with visual assessment
of leaves in the field that remain healthy and turgid (Figure 2.13). Large changes occurred
in important leaf metrics like RWCsym@TLP and ε between rehydrated and non-rehydrated
leaves, suggesting that further, difficult-to-detect changes may occur as leaves near the TLP.

Leaf hydraulic conductance ( K)

Reductions in K with declining leaf Ψ like those in Figure 2.7 are common in many species,
but the precise mechanisms of K loss and recovery and the consequences for sap flow remain
poorly understood. Johnson et al. [2009], employing the same method as this study, showed
that K in leaves of Q. garryana from Oregon declined in a similar pattern with decreasing
Ψ, with a slightly lower Ψ at 50% loss of K (−3.61 MPa [Johnson et al., 2009] vs. −3.35
MPa [this study]). We observed high rates of sap flow at the end of the dry season coincident
with mid-day Ψ that would have resulted in significantly reduced leaf K. A large drop in
Ψ occurs between the stem and leaf (Table 2.3), so that declining K may not inhibit leaf
function due to the compensatory effect of a larger Ψ gradient across the leaf.

Sap flow dynamics

The Q. garryana studied here maintained high rates of sap flow even as pre-dawn Ψ dipped
below −3 MPa and VPDs exceeded 4 kPa. This indicates that Q. garryana is water-
limitation tolerant, leaving stomata open during the dry Mediterranean summer that co-
incides with high incoming photosynthetically active radiation,thereby promoting carbon
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Figure 2.13: End-of-summer (mid-September) Q. garryana foliage and acorns, seen from
below. Photo by Wendy Baxter.

acquisition. This behavior contrasts with the seasonal timing of transpiration of the codom-
inant plant functional group at the site (annual grasses), which transpire the most in the
wet spring and lose their green photosynthetic tissue by midsummer.

Fisher et al. [2007] observed high rates of sap flow during the summer in Q. douglasii
(which is genetically similar to Q. garryana), with integrated sap flow similar to the seasonal
cycle we observed (Figure 2.9). Fisher et al. [2007] also observed nighttime sap flow which
they attributed to transpiration. That nighttime sap flow was strongly correlated with VPD,
consistent with the observations in this study. Pre-dawn sap flow can remain at >20% of
the maximum on nights when VPD remains high (Figure 2.3). The only other studies to
our knowledge presenting time series of sap flow data in mature Q. garryana [Phillips et al.,
2003a,b] showed similar daytime patterns and also found relatively minor differences in total
daily water flux between early and late season in spite of declining pre-dawn Ψ. Phillips et al.
[2003a,b] found that sap flow in Q. garryana approached zero pre-dawn, unlike the trees in
this study.

Quercus spp. on the East coast of the United States in the Shale Hills CZO displayed re-
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markably different responses to declining soil moisture and increases in VPD: In the summer,
after a rain event, sap flow declined by 62% in Quercus alba, Quercus prinus, Quercus rubra,
and Quercus velutina over a period of just five days [Gaines et al., 2016]. This is consistent
with a heightened sensitivity to moisture declines in the very near surface: Rooting density
was observed to be concentrated across all topographic positions within 50 cm of the surface,
and the trees showed strong isotopic evaporative enrichment signals consistent with sourcing
water from shallow, rapidly drying soils. In contrast, Devine and Harrington [2005] noted
that half of the cross-sectional area of first-order lateral roots branching from the taproot
of Q. garryana growing in a glacial outwash soil was found below 30 cm, and mats of fine
roots were found in moist lenses below 150 cm. Ugolini and Schlichte [1973] found that Q.
garryana commonly has deep taproots extending below the surface soil. These observations
of deeper, subsoil rooting are also common in Q. agrifolia and Q. douglasii in California
[Cannon, 1914; Lewis and Burgy, 1964; Griffin, 1973; Miller et al., 2010], and highlight a
greater reliance of eastern oak species on frequent summer storms for delivery of water to
surface soils, in contrast to the western oaks that are better adapted to the dry-growing
season of Mediterranean climates.

Growth and water storage dynamics inferred from piston
dendrometers

The radial changes in Figures 2.10 and 2.11 reflect seasonal growth and tissue water storage
and release. Most of the radial increase occurs in the early part of the growing season, which
we attribute to sapwood growth, consistent with observations elsewhere that Q. garryana
rings show a continuously declining amount of latewood relative to earlywood as the tree
grows [Lei et al., 1996], and dendrometer-band inferred diameter change in open-grown Q.
garryana that exhibits a convex-up profile throughout the growing season [Gould et al.,
2011]. This is a common trend in ring-porous species [Lei et al., 1996] and oaks from around
the world [Maertens, 2008]. Sap flow remains high after sapwood growth stops (compare
Figures 2.8 and 2.10), leading us to propose that assimilation efficiency may decrease or
that a reallocation of photosynthates from sapwood to fruit production and roots occurs
throughout the growing season. The October radial increase is due primarily to tissue
rehydration, as the sapwood reaches its lowest potential at the end of the summer and swells
in response to early wet-season rains.

The diurnal patterns in Figure 2.11 show sinusoidal shrinking and swelling of the sapwood,
cambium, and inner bark. Recharge of stored water occurs when the radial size increases
from late afternoon to pre-dawn, whereas depletion of stored water occurs as the radial size
decreases from pre-dawn to late afternoon. This pattern leads to the inference that stored
water supplements the transpiration stream during the day at times of high sap flow and low
Ψ. Phillips et al. [2003b] similarly found that Q. garryana tissue between the bole and crown
was a net source of water for transpiration in the late morning and early afternoon, during
times of maximum solar radiation, and that in the late afternoon to early evening this region
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was a net sink of water. They also found that the reliance on stored water approximately
doubled from the early to late season, consistent with our observations in Figure 2.11 of
increasing diurnal amplitudes.

Volumes of stored water in the tree

We can estimate minimum daily trunk water storage by assuming the ∼60 μm average
diurnal radial change in sapwood, cambium, and innerbark of trees (Figure 2.11) is entirely
due to the gain and loss of liquid water. A trunk height of 5 m for a 20 cm diameter tree
(similar to the smaller trees in this study) results in daily water gain and loss of 0.2, and
1.2 L for a 10 m tall trunk and a 65 cm diameter tree (approximately the largest in this
study). This does not include trunk water gain and loss that does not result in a volumetric
dilation or any heartwood water storage, and only roughly approximates the trunk volume
and does not include the crown stem network. We can also calculate the daily stored water
in leaves. We consider a 20 cm diameter tree, with a crown radius of 4 m and an assumed
leaf area index of 3. The average leaf dry mass and leaf mass/area of Table 2.4 results in
∼40,000 leaves. Given the average daily shoot Ψ change from pre-dawn to mid-day of 1.6
MPa (Figure 2.4, and we note that the diurnal leaf change would be higher), and an average
leaf ΔH2Omass/ΔΨ before the TLP across all leaves of 0.019 g/MPa from the PV curves, we
estimate a daily leaf water storage of 1.3 L. A tree with a 7 m crown radius and leaf area
index of 4 would have 170,000 leaves that lose 5.2 L daily. Diurnal dehydration of leaves can
therefore constitute a significant fraction of the stored water contribution to transpiration—
in this case, comparable to our conservative estimate of trunk sapwood contribution. If all
nighttime sap flow went exclusively to tissue rehydration rather than transpiration, stored
water would contribute ∼20–30% of the daily transpiration stream, based on the integral of
diurnal sap flow curves in Figure 2.8. This rehydration–transpiration partitioning estimate
is not unreasonable; in a study of Q. douglasii, Fisher et al. [2007] found that ∼70% of
nocturnal sap flow went to rehydration.

Implications for competition with P. menziesii

How will the P. menziesii that have invaded oak savanna and woodlands fare relative to
Q. garryana under continued warming in the 21st century? Q. garryana resilience, or the
ability to persist in the face of climatic perturbation, hinges strongly on its water-limitation
tolerance relative to P. menziesii. Although there is some uncertainty in climate models,
mean annual temperature is among the most reliably predicted outputs [Rupp et al., 2013].
Models predict that an atmospheric CO2 concentration of ∼750 ppm will globally raise
average temperatures this century by 2.4–5.4 ◦C [Murphy et al., 2004], with Pacific Northwest
regional models predicting similar rises [Mote and Salathé, 2010]. The mean temperature
of the warmest month in Northwest California is expected to increase by 3 ◦C [Kueppers
et al., 2005]. As dry-season temperatures increase, plants will experience greater VPDs
in the growing season [Luce et al., 2016]. Our study site, inhabited by mature Q. garryana
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experiencing extremely water-limited conditions that have also not been subject to significant
P. menziesii invasion, may serve as a microcosm of a more water-limited future. We discuss
the paleoclimatic and paleoecologic record, modern climate-distribution studies, and finally
compare and contrast the ecophysiology of the species in light of the new findings in this
study.

Paleoclimate and paleoecology

Regionally, Pinaceae pollen abundance is negatively correlated with Quercus pollen, and
shifts in these two plant communities follow temperature changes throughout glacial and
inter-glacial cycles [Heusser, 2000; Poore et al., 2000]. In the Quaternary, Quercus pollen
abundance was lowest during glacial maxima, when temperatures were cool, and increased
during warmer inter-glacial times [Mensing, 2006]. For example, in the Sierra Nevada, oak
range expanded from 10000 to 5000 yr before present, coincident with a warming climate
[Byrne et al., 1991], and in the Northern California Coast Ranges oaks reached a maximum
extent between 6000 and 3500 yr before present at Clear Lake and 5000 yr before present
at Tule Lake [Adam et al., 1981; West, 1982; Adam and West, 1983; Mensing, 2005]. Oaks
reached a maximum extent in coastal British Columbia 7500 yr before present, when tem-
peratures were 2–4 ◦C warmer [Pellatt et al., 2001; Walker and Pellatt, 2003]. Lucas and
Lacourse [2013] show a rise of Q. garryana in the Gulf Islands of British Columbia between
7600 and 5500 yr before present, followed by cooler and moister conditions that coincided
with the rise of modern P. menziesii forests. These findings are consistent with White et al.’s
[2015] pollen and charcoal records in the latter half of the Holocene from the southern Cas-
cade Range in Oregon. They found declining fire frequency and cooler, wetter conditions
accompanied increases in mesophytic taxa including Pseudotsuga. In northern California and
southern Oregon, Mohr et al. [2000] similarly found a peak in Quercus during the relatively
warm and dry early Holocene, with subsequent dominance of Pinaceae in the cooler, wetter
late Holocene. Thus, the paleoecologic and paleoclimatic record of western North America
indicates that during early Holocene warming Quercus pollen in general and Q. garryana
specifically became more abundant, with concomitant declines in Pinaceae in general and
P. menziesii specifically.

Modern climate and ecology

Temperature in the 20th century increased by ∼0.6–0.8 ◦C in the Pacific Northwest [Abat-
zoglou et al., 2014], resulting in detectable shifts in mortality and growth patterns. In
Northwest California, temperature has increased even faster [∼0.23 ◦C per decade; LaDochy
et al., 2007]. Hember et al. [2017] found no sensitivity in the probability of mortality sen-
sitivity of Q. garryana (from 373 plots) to higher reference evapotranspiration, whereas P.
menziesii (5828 plots) exhibited strong positive sensitivity. McIntyre et al. [2015] found a
20th-century trend of declining large tree and increasing oak abundance across California
that was primarily attributable to increases in climatic water deficit. Dynamic vegetation
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models that incorporate biogeographical patterns, future climate change projections, and
fire disturbance predict an expansion of northern oak woodlands into Douglas fir–tan oak
forest in Northwestern California [Lenihan et al., 2003; Bodtker et al., 2009]. Such models
have not yet included the role of deeper moisture [e.g., rock moisture; sensu Rempe and Di-
etrich, 2018], which is largely unquantified but may be important in mediating plant water
stress. Although exact species-level mortality rates are difficult to ascertain, in general the
Northern California Coast Range Q. garryana habitat experienced relatively little mortality
and maintained higher leaf water content in the most recent California drought [Asner et al.,
2016; Young et al., 2017].

Inter-annual variations in tree growth reveal finer-scale climatic sensitivity. Maertens
[2008] analyzed a >100-yr climate and Q. garryana annual growth ring record at 18 sites
spanning most of the species’ geographic and climate range, and found that growth was pos-
itively correlated with moisture availability. Gildehaus et al. [2015] developed a crossdated
341-yr-long ring-width chronology of Q. garryana, near the center of its geographic range
in the Willamette Valley of Oregon, and also observed higher growth with higher summer
moisture availability. In contrast, Jordan and Vander Gugten [2012] found no significant
correlation between Q. garryana growth rate and precipitation and temperature for most
months preceding and within the growing season. Perhaps this is due to the confounding
effect of greater water availability in the early growing season coinciding with water-logged
or overcast conditions that would tend to limit growth. Only one study to our knowledge
has looked at colocated Q. garryana and P. menziesii climate–growth interactions: Franks
[2008] found that in general both species’ growth responded positively to current year pre-
cipitation and negatively to temperature across the southern mainland and Vancouver Island
of British Columbia. However, P. menziesii growth declined more with lower precipitation
and higher temperature in the driest part of the growing season, suggesting that it was more
prone to drought stress than Q. garryana.

Pseudotsuga menziesii ecophysiological comparison

Decline in P. menziesii growth rates in the past century throughout the western United
States appears to be specifically attributable to temperature increases that increase VPD,
resulting in stomatal closure and lower rates of carbon uptake [Restaino et al., 2016]. This
regional pattern is consistent with high stomatal aperture sensitivity to VPD in juvenile P.
menziesii [Meinzer, 1982] relative to Q. garryana [Merz et al., 2017]. Data from Johnson
et al. [2009] and Woodruff et al. [2007] indicate that 50% loss of leaf K occurs ≈2 MPa higher
for P. menziesii than for Q. garryana. At the neighboring site to this study, with relatively
higher subsurface water availability [pre-dawn water potentials typically >−2 MPa; Hahm
et al., 2019b], P. menziesii sap flow declines significantly in the dry season [Link et al.,
2014], indicating greater sensitivity to high summer VPD and declining subsurface water
availability, a common observation for P. menziesii [Granier, 1987; Moore et al., 2004].
Phillips et al. [2003b] also documented much larger relative sap flow declines in P. menziesii
than Q. garryana through the dry season in Washington and Oregon.
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In contrast to the Q. garryana behavior in this study and of juveniles in Meinzer et al.
[2016], P. menziesii maintains similar mid-day water potentials as water availability declines
in the dry season [Domec et al., 2008]. The TLP of P. menziesii [Jackson and Spomer, 1979;
Ritchie and Shula, 1984; Woodruff et al., 2007; Johnson et al., 2009] is generally higher
than the TLP of Q. garryana found in this study and others discussed previously. Quercus
garryana has the highest wood specific gravity and shortest height at maturity of common
Pacific Northwest tree species [Minore, 1979; Davis, 2005], suggesting that it may invest more
in its hydraulic architecture than P. menziesii. Together, these differences in ecophysiological
response to temperature and water availability are consistent with a suite of evolutionary
tradeoffs, in which Q. garryana maintains hydraulic function in drier conditions than P.
menziesii, likely at the cost of slower growth. Such a tradeoff would favor P. menziesii
where atmospheric water demand is low and/or subsurface moisture supply is high, and Q.
garryana in relatively xeric environments and/or where low-intensity fires are allowed to
burn, limiting P. menziesii encroachment.

2.6 Conclusions

At our Sagehorn study site, thin soils and a shallow weathered-bedrock zone over an imper-
meable mélange bedrock lead to limited winter water storage and thus limited growing season
water availability, despite annual precipitation of ∼1800 mm. Our intensive field measure-
ments of mature Quercus garryana in a seasonally dry savanna and woodland in Northern
California indicate that the species maintains hydraulic function in the summer growing
season at extremely low water-availability conditions. Sustained high water use at low water
potential is possible due to a robust hydraulic architecture, with specific adaptations such as
dynamic leaf adjustment to lower the TLP and diurnal water storage and release in sapwood
and leaves to compensate for high atmospheric moisture demand. We observed transpira-
tion well after pre-dawn water potentials declined below the inferred TLP. Consequently, the
common measurement of turgor loss from pressure-volume curves of rehydrated leaves may
be of inadequate in predicting functional ecophysiological limits.

In comparison with data from previous studies of Pseudotsuga menziesii, Q. garryana
is significantly more water-limitation tolerant. This helps explain the lack of P. menziesii
invasion into our water-limited study area and suggests that future warming of western
North America may favor Q. garryana persistence. Paleoclimatic and paleoecologic records
of forest community composition in the Quaternary, as well as Q. garryana and P. menziesii
growth and mortality patterns in response to modern climate changes and land use also
suggest this outcome. Taken together, the evidence points toward Q. garryana’s resilience
in a changing climate, provided that its extant habitat is protected from detrimental land use
and—in relatively wetter areas—from the effects of fire exclusion-assisted conifer invasion.
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Chapter 3

Lithologically controlled subsurface
critical zone thickness and water
storage capacity determine regional
plant community composition

3.1 Abstract

Explanations for distinct adjacent ecosystems that extend across hilly landscapes typically
point to differences in climate or land use. Here we document—within a similar climate—
how contrasting regional plant communities correlate with distinct underlying lithology and
reveal how differences in water storage capacity in the critical zone (CZ) explain this rela-
tionship. We present observations of subsurface CZ structure and groundwater dynamics
from deep boreholes and quantify catchment-wide dynamic water storage in two Franciscan
rock types of the Northern California Coast Ranges. Our field sites have a Mediterranean
climate, where rains are out of phase with solar energy, amplifying the importance of sub-
surface water storage for periods of peak ecosystem productivity in the dry season. In the
deeply weathered (∼30 m at ridge) Coastal Belt argillite and sandstone, ample, seasonally
replenished rock moisture supports an evergreen forest and groundwater drainage sustains
baseflow throughout the summer. In the Central Belt argillite-matrix mélange, a thin CZ
(∼3 m at ridge) limits total dynamic water storage capacity (100–200 mm) and rapidly sheds
winter rainfall via shallow storm and saturation overland flow, resulting in low plant-available
water (inferred from predawn tree water potential) and negligible groundwater storage that
can drain to streams in summer. This storage limitation mechanism explains the presence of
an oak savanna-woodland bounded by seasonally ephemeral streams, despite >1,800 mm of
average precipitation. Through hydrologic monitoring and subsurface characterization, we
reveal a mechanism by which differences in rock type result in distinct regionally extensive
plant communities under a similar climate.



CHAPTER 3. CRITICAL ZONE WATER STORAGE CAPACITY CONTROLS PLANT
DISTRIBUTION 48

This chapter is adapted from 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. (2019b). Litho-
logically controlled subsurface critical zone thickness and water storage capacity determine
regional plant community composition. Water Resources Research, 55.

3.2 Introduction

Large-scale variations in the vegetation composition across landscapes are commonly ex-
plained by climatic gradients, which exert a primary control on water and energy availabil-
ity [Holdridge, 1947; Stephenson, 1990; Whittaker, 1975]. However, within any particular
climate, distinct plant communities may coexist, unexplained by regional temperature or
precipitation. These vegetation mosaics may result from patterns of anthropogenic land
use but can also arise from a variety of ecosystem processes, including herbivory, cluster-
ing, dispersal-limitation, or disturbance-induced succession [Aguiar and Sala, 1994; Bond,
2005; Dantas et al., 2016; Heinselman, 1981; Polis, 1999; Scanlon et al., 2007]. Variations in
microclimate, such as those arising from hillslope aspect [Holland and Steyn, 1975; Parker,
1982], or contrasting underlying lithology, which can influence toxin or nutrient delivery to
plants [Hahm et al., 2014; Kruckeberg, 2004], can similarly demarcate abrupt vegetation
boundaries.

In water-limited environments, soil water storage capacity can influence plant-available
water and the onset of plant water stress, impacting primary productivity and plant water
use [Barkaoui et al., 2017; Branson et al., 1970; Laio et al., 2001; Porporato et al., 2001, 2004;
Prentice et al., 1992; Smith et al., 1995]. Even in climates with ample precipitation, storage
limitations below ground can result in water limitation, affecting the distribution of plants
[Rodriguez-Iturbe et al., 2007]. This is likely common in Mediterranean climates, where
the delivery of precipitation is out of phase with solar energy availability and atmospheric
moisture demand. In these regions, the importance of the subsurface is amplified, due to its
role in storing rainfall that falls in the wet season and releasing that water to ecosystems in
summer.

Plants in upland landscapes with thin soils may survive on water extracted from the
weathered bedrock from below the soil, exploiting either groundwater [e.g., Miller et al.,
2010] or rock moisture [sensu Salve et al., 2012; Rempe and Dietrich, 2018] from tens of
meters below the ground surface [e.g., Anderson et al., 1995; Arkley, 1981; Bales et al.,
2011; Eliades et al., 2018; Jones and Graham, 1993; Lewis and Burgy, 1964; Miller et al.,
2010; Rempe and Dietrich, 2018; Rose et al., 2003; Sternberg et al., 1996; Zunzunegui et al.,
2018; Zwieniecki and Newton, 1996]. These and other previous studies in seasonally dry
environments, however, have focused on local, site-specific plant water use and have not
explicitly addressed larger-scale relationships between dominant vegetation patterns and the
spatial availability of moisture beneath the soil.

Research in critical zone science now suggests that there may be predictable, lithologi-
cally controlled regional patterns of weathered bedrock thickness across landscapes [Riebe
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et al., 2017]. The depth and extent of weathering and the associated porosity increase must
control the potential for moisture storage [e.g., Klos et al., 2018], which, in turn, should affect
the composition of above ground plant community assemblages, especially in seasonally dry
environments. This leads to the hypothesis that bedrock weathering patterns and associ-
ated water storage capacity should have a profound—yet hitherto undocumented—effect on
regional patterns of plant water use, productivity, and species distribution in seasonally dry
climates. This emerging view has not yet been tested. It presents a challenge because the ex-
tent of bedrock weathering is difficult to measure (typically requiring drilling or geophysics),
and therefore difficult to document at large spatial scales.

Here we explore whether differences in subsurface critical zone development associated
with differences in lithology can provide an explanation for a dramatic regional-scale contrast
in dominant vegetation assemblage that extends for over 200 km (Figures 3.1–3.3). Our study
region is located along the unglaciated Northern California Coast Ranges, where adjacent
landscapes, underlain by different lithologic units of the Franciscan complex, support strik-
ingly different plant communities. To the west, a towering evergreen forest mantles the steep
hillslopes of the Coastal Belt, comprised of turbidite sequences of argillite, sandstone, and
minor conglomerate. Sharply juxtaposed to the east are the rolling hills of the Central Belt,
which is a mélange of geochemically similar yet metamorphosed and pervasively deformed
Coastal Belt material. In the Central Belt mélange, the vegetation is a sparse deciduous-oak
annual-grass savanna- woodland (Figures 3.1–3.3). These differences in plant communities
occur despite the fact that both landscapes experience essentially the same mean annual
rainfall (>1,800 mm) and mean annual temperature (about 13 ◦C). As Figure 3.4 shows,
1,800 mm greatly exceeds the expected precipitation range of a grassland savanna. Simply
put, why would grassland savanna be the dominant vegetation in such a wet environment?

To test the hypothesis that the subsurface critical zone water storage capacity controls
regional-scale vegetation distribution, we combine an analysis of regional-scale geologic maps,
remotely sensed land cover and plant characteristics with a field-based ‘unit hillslope’ ap-
proach at individual, intensively monitored sites. Landscapes are a collection of hillslopes
bordered by channels that collect and drain watersheds. Rather than attempt to charac-
terize the critical zone properties over a large area (which is presently very difficult to do),
we focus on intensive measurements of properties and processes on what we estimate to be
a representative (unit) hillslope within a given lithology. We assume that the commonality
of topographic form between repeating adjacent hillslopes reflects a commonality in the un-
derlying weathering zone structure. This is consistent with current theories for critical zone
evolution that propose that subsurface properties vary systematically with hillslope topog-
raphy and lithology [Riebe et al., 2017]. We then use the mechanistic understanding gained
at the unit hillslope scale to interpret and explain watershed and regional-scale runoff, water
budgets, and plant community assemblage dependence on critical zone properties.

Prior studies have generated extensive documentation of a unit hillslope (‘Rivendell’)
in the forested-dominated Coastal Belt [Kim et al., 2014; Link et al., 2014; Oshun et al.,
2016; Rempe and Dietrich, 2014, 2018; Salve et al., 2012]. We initiated a new unit hillslope
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between repeating adjacent hillslopes reflects a commonality in the underlying weathering zone structure.
This is consistent with current theories for critical zone evolution that propose that subsurface properties
vary systematically with hillslope topography and lithology (Riebe et al., 2017). We then use the
mechanistic understanding gained at the unit hillslope scale to interpret and explain watershed and
regional‐scale runoff, water budgets, and plant community assemblage dependence on critical
zone properties.

Prior studies have generated extensive documentation of a unit hillslope (“Rivendell”) in the forested‐
dominated Coastal Belt (Kim et al., 2014; Link et al., 2014; Oshun et al., 2016; Rempe & Dietrich, 2014,
2018; Salve et al., 2012). We initiated a new unit hillslope study in the Central Belt by exploring the subsur-
face with deep boreholes, establishing a network of monitoring wells, and monitoring weather and stream
runoff. Here we report the results of this study, as well as new data for both sites on end‐of‐summer

Figure 1. Comparison of land cover (a; 2011 National Land Cover Database [Homer et al., 2015]) and Franciscan bedrock
geology (b; Langenheim et al., 2013). Blue lines in (a) show primary forks of the Eel River. Map inspired by Figure 2 of
Lovill et al. (2018).
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Figure 3.1: Comparison of land cover (a; 2011 National Land Cover Database [Homer et al.,
2015]) and Franciscan bedrock geology (b; Langenheim et al. [2013]). Blue lines in (a) show
primary forks of the Eel River. Map inspired by Figure 2 of Lovill et al. [2018].
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predawn tree water potentials, composite annual time series of remotely sensed vegetation indices, bulk
mineralogy and geochemistry, and tree canopy cover. For the Central Belt site, we also report new
cosmogenic nuclide‐based erosion rates, dissolved oxygen concentrations in groundwater, scanning
electron microscopy imagery of fresh bedrock, and historical air photo analysis.

2. Site Description
2.1. Location and History

The two field sites, Angelo Coast Range Reserve (“Angelo,” in the Coastal Belt) and the Sagehorn‐Russell
Ranch (“Sagehorn,” in the Central Belt) form the core of the intensive monitoring sites in the Eel River
Critical Zone Observatory. Angelo is part of the University of California Natural Reserve System and con-
sists largely of steep‐sloped, old‐growth mixed broadleaf‐needleleaf evergreen forest (see map in supporting
information Figure S1). It contains the Elder Creek watershed (Table 1), a tributary to the South Fork Eel
River, and Rivendell, an intensively instrumented hillslope that has been the site of numerous isotopic, geo-
chemical, ecophysiological, and hydrologic studies (Dralle et al., 2018; Druhan et al., 2017; Kim et al., 2014,
2017; Link et al., 2014; Lovill et al., 2018; Oshun et al., 2016; Rempe & Dietrich, 2018; Salve et al., 2012;
Simonin et al., 2014). Rivendell (39.729°, −123.6451°) is ~15 km east of the Pacific Ocean, 430 m above
sea level (a.s.l.).

Sagehorn, a privately owned ranch, contains the Dry Creek watershed (Table 1; see map in supporting infor-
mation Figure S2), which is in the main stem Eel River watershed. The site is dominated by a deciduous oak
savanna‐woodland, with predominantly nonnative annual herbaceous ground cover. There are dispersed

Figure 2. Tree canopy cover map of the field area shows the abrupt change in tree canopy cover at the geologic contact
(white bold line) that separates the Coastal Belt (west) from the Central Belt (east) in the study area. Green (forested)
patches in mélange are primarily on sandstone blocks. Study watersheds in each rock type are demarcated with dashed
lines; gray = 0% canopy cover, darkest green = 100% canopy cover. Coordinates in WGS84; geologic contact after Jayko
et al., 1989. Canopy cover from the 2011 National Land Cover Database. Map inspired by Figure 2 of Dralle et al. (2018).
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Figure 3.2: Tree canopy cover map of the field area shows the abrupt change in tree canopy
cover at the geologic contact (white bold line) that separates the Coastal Belt (west) from
the Central Belt (east) in the study area. Green (forested) patches in mélange are primarily
on sandstone blocks. Study watersheds in each rock type are demarcated with dashed lines;
gray = 0% canopy cover, darkest green = 100% canopy cover. Coordinates in WGS84;
geologic contact after Jayko et al. [1989]. Canopy cover from the 2011 National Land Cover
Database. Map inspired by Figure 2 of Dralle et al. [2018].
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Figure 3.3: (a) Photo from headwaters of Elder Creek in the Coastal Belt, looking west,
shows mixed broadleaf-needleleaf evergreen forest grading to chaparral on higher elevation,
south-facing steep slopes. (b) Photo from northern ridge of Dry Creek watershed, looking
north, shows annual-grass dominated, low-gradient hillslopes, with leafless winter-deciduous
mistletoe-infested Q. garryana in foreground. The lumpy topography records relict earth-
flows. (c) Photo of south-facing tributary of Dry Creek during rainstorm (10 January 2017),
showing extent of wetted channels and widespread saturation overland flow. Person for scale
(170 cm tall); point in lower-right drains area of approximately 2 ha. (d) Panoramic photo
between wells 503 and 500 at the Sagehorn Central Belt site along ridgetop on northern
boundary of the Dry Creek catchment, showing complete saturation of the subsurface and
overland flow in a winter rainstorm (190 cm tall person in yellow jacket for scale).
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pelitic matrix is the primary component of the Central Belt mélange
(Cloos, 1983).

2.4. Soils

Soils at the Coastal Belt site are classified as alfisols (Rittiman & Thorson,
2001), consistent with our field observations. At Rivendell, the soil is thin
where the slope steepens near the channel and generally thicker (30–
50 cm) toward the topographic divide (Oshun et al., 2016). Augering
and digging explorations indicate that the surface organic horizon is
5 cm thick. Below lies a massive or poorly sorted, yellow‐brown layer rich
in centimeter‐scale colluvial fragments of argillite and sandstone that
lacks clear horizonation. Rock fragments typically have red and brown
oxide staining on their exteriors and on internal fracture surfaces.
Visible macropores are common, most likely recording root casts and bur-
rows by animals and insects. Despite originating from argillite bedrock,
the soil does not experience seasonal deep cracking or other obvious
shrink‐swell features. The transition between this mobile soil and intact,
physically immobile saprolite is typically abrupt and readily identifiable
in road cuts or soil pits via poorly sorted colluvium overlying coherent
argillite that exhibits throughgoing networks of millimeter‐ and
centimeter‐scale fractures and occasional larger‐scale bedding planes.
Observed processes that collectively mix and transport soil at Rivendell
include ground‐wasp nesting, animal burrowing, tree throw, rain splash,
and during colder winter days the formation of ice pedestals that loft
particles downslope.

Soils within the savanna‐woodland developed on mélange matrix at the
Central Belt site are classified as mollisols (Rittiman & Thorson, 2001),

in agreement with observations from ~30 pits and augered boreholes along the topographic divide within
the oak‐grassland areas. A ~30‐cm‐thick brown‐black organic‐rich granular mineral A horizon abruptly
overlies a yellow‐gray, massive 10‐ to 20‐cm‐thick Bt horizon with higher clay content. There is usually an
increase in large rock fragments at the Bt—C horizon boundary, and the matrix and rock fragments become
less yellow‐red and more gray‐black‐blue in hue. It is not uncommon to find fragments of numerous lithol-
ogies (primarily greywacke, chert, and argillite) within a single soil pit at the topographic divide. Here, too,
we observe no desiccation cracks on the ground surface in summer. Saturated hydraulic conductivity is high
in the near surface (exceeding 10−4 cm/s and comparable to maximum hourly rainfall intensities observed
since the deployment of a precipitation gauge in 2015) and decreases with depth, reaching lower values
(~10−5 cm/s) in the upper saprolite (Dralle et al., 2018). Local soil transport occurs via gopher burrowing,
wasp nesting, rainsplash, overland flow wash, and (accompanying Euro‐American settlement) pig rooting.

2.5. Regional Uplift and Geomorphology

The northward migrating Mendocino Triple Junction was at the latitude of the study area approximately
3 Ma (Atwater & Stock, 1998), and fluvial‐marine deposit transitions suggest that the land emerged from
sea level at this time (Lock et al., 2006). High regional uplift rates continue to drive rapid river incision in
the Northern California Coast Ranges, creating ridge and valley topography. At the study watersheds, pro-
minent local knickpoints (short, steep reaches) are present along the main stem channels (Lovill et al.,
2018). Rivendell lies below a major knickpoint on Elder Creek (in the Coastal Belt), which Seidl and
Dietrich (1992) proposed originated at the junction with the South Fork Eel and propagated upslope. In con-
trast, our intensively studied hillslope at Sagehorn in the Central Belt lies above a major apparently station-
ary knickpoint interpreted to arise from a large resistant block within the mélange encountered by the main
stem during incision (as evidenced by a large continuous outcrop on the hillslope adjacent to the knick-
point). This may be one factor contributing to the generally gentler topography within Dry Creek (Central
Belt) than in Elder Creek (Coastal belt; Table 1). Within Elder Creek, Holocene fluvial incision rates were
~0.2 mm/year, and during wetter conditions in the Pleistocene, landscape‐averaged erosion rates were
~0.4 mm/year (Fuller et al., 2009). Dry Creek's basin‐wide cosmogenic nuclide‐inferred erosion rate (see

Figure 4. Global delineation of biome type as a function of mean annual
precipitation and temperature. The average climate of the Coastal Belt
(Angelo; blue circle) and Central Belt (Sagehorn; red triangle) study sites is
associated with temperate forests, consistent with the ecosystem inhabiting
the Coastal Belt. In contrast, the actual Central Belt biome is woodland/
shrubland/grassland, denoted with the lower red triangle. Biome delinea-
tions based on Ricklefs (2008) and Whittaker (1975). Greater interception at
the Coastal Belt results in nearly identical precipitation at the ground sur-
face, as discussed in text.
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Figure 3.4: Global delineation of biome type as a function of mean annual precipitation
and temperature. The average climate of the Coastal Belt (Angelo; blue circle) and Central
Belt (Sagehorn; red triangle) study sites is associated with temperate forests, consistent
with the ecosystem inhabiting the Coastal Belt. In contrast, the actual Central Belt biome
is woodland/shrubland/grassland, denoted with the lower red triangle. Biome delineations
based on Ricklefs [2008]; Whittaker [1975]. Greater interception at the Coastal Belt results
in nearly identical precipitation at the ground surface, as discussed in text.
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study in the Central Belt by exploring the subsurface with deep boreholes, establishing a
network of monitoring wells, and monitoring weather and stream runoff. Here we report
the results of this study, as well as new data for both sites on end-of-summer predawn tree
water potentials, composite annual time series of remotely sensed vegetation indices, bulk
mineralogy and geochemistry, and tree canopy cover. For the Central Belt site, we also report
new cosmogenic nuclide-based erosion rates, dissolved oxygen concentrations in groundwater,
scanning electron microscopy imagery of fresh bedrock, and historical air photo analysis.

3.3 Site description

Location and history

The two field sites, Angelo Coast Range Reserve (‘Angelo,’ in the Coastal Belt) and the
Sagehorn-Russell Ranch (‘Sagehorn,’ in the Central Belt) form the core of the intensive
monitoring sites in the Eel River Critical Zone Observatory. Angelo is part of the Univer-
sity of California Natural Reserve System and consists largely of steep-sloped, old-growth
mixed broadleaf-needleleaf evergreen forest (see map in Figure 3.5). It contains the Elder
Creek watershed (Table 3.1), a tributary to the South Fork Eel River, and Rivendell, an
intensively instrumented hillslope that has been the site of numerous isotopic, geochemical,
ecophysiological, and hydrologic studies [Dralle et al., 2018; Druhan et al., 2017; Kim et al.,
2014; Link et al., 2014; Lovill et al., 2018; Oshun et al., 2016; Rempe and Dietrich, 2018;
Salve et al., 2012; Simonin et al., 2014]. Rivendell (39.729◦, −123.6451◦) is ∼15 km east of
the Pacific Ocean, 430 m above sea level (a.s.l.).

Sagehorn, a privately owned ranch, contains the Dry Creek watershed (Table 3.1; see map
in Figure 3.6), which is in the main stem Eel River watershed. The site is dominated by a
deciduous oak savanna-woodland, with predominantly nonnative annual herbaceous ground
cover. There are dispersed densely forested areas that more closely resemble the vegetation
community of Angelo that are situated primarily on sandstone blocks within the mélange.
The principal study hillslope (39.5678◦, −123.4733◦) lies along an east-west running ridge
on the northern border of the east-flowing Dry Creek, ∼25 km east of the Pacific Ocean and
700 m above sea level.

Climate

The field areas experience a Mediterranean climate, with warm, dry summers and wet (rain-
dominated), cool winters. Although both sites are near the coast, fog blankets the Dry Creek
catchment at Sagehorn in the Central Belt only a few days a year and rarely enters the Elder
Creek catchment in the Coastal Belt due to strong topographic barriers. Historical climate
data (summarized in Table 3.2) indicate that Angelo (in the Coastal Belt) received ∼2,000
mm of annual precipitation on average over the past century, 10–30% more than Sagehorn
(in the Central Belt), and is slightly (∼1 ◦C) cooler. However, due to greater interception
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Figure 3.5: Map of study area in the Coastal Belt (‘Angelo’) highlighting evergreen forest
community. Inset box shows expanded view of topography along intensively-studied hillslope
(‘Rivendell’). Here only the location of wells drilled down to fresh bedrock are shown.
Coordinates provided in NAD83/UTM Zone 10N. 1 (grey) and 5 (black) m ground surface
elevation contours from 2014 lidar collected by NCALM. Background NAIP air photo from
June 7, 2014
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Table 3.1: Catchment physiographic and vegetation characteristics

Elder Creek (Angelo; Coastal Belt) Dry Creek (Sagehorn; Central Belt)
Catchment mouth
location

39.7284◦, −123.6477◦ 39.5754◦, −123.4642◦

Drainage area (km2) 16.97 3.54
Elevation (max, mean,
min; m.a.s.l.)

1,285, 849, 421 905, 733, 593

Geomorphic channel
drainage density
(km/km2)a

7.9 16.9

Upslope contributing
area at channel head
(m2)a

6,180 1,085

Canopy cover (mean,
median ± 1 s.d.; %)b

89, 93 ± 12 21, 11 ± 19

Mean hillslope gradient
(%)c

50.4 27.9

Lithology (See Table 3.3
for more detail)

Argillite (mudstone), greywacke
(sandstone), minor conglomerate

Argillaceous-matrix chaotic mélange
containing blocks of sandstone, chert,
and various high-grade metamorphics

Erosion rate (mm/year) 0.2 (Holocene)d 0.12 ± 0.01e

0.4 (Pleistocene)d (0.16 ± 0.02 in neighboring Hank
Creek)e

Vegetation communities Mixed broadleaf-needleleaf
evergreen forest (north-facing

slopes, valleys)f

Annual grass deciduous oak
savanna-woodland (mélange)g

Woody plants: Douglas fir (P.
menziesii, Tan oak (N. densiflorus, Live
oak (Q. chrysolepis, spp.), Madrone (A.
menziesii), California bay (U. californica
Understory: Poison oak (T.
diversilobum), Oregon grape (B.
nervosa), Huckleberry (V. parvifolium),
Ferns (spp.)
Riparian: Alder (Alnus spp.), Bigleaf
maple (A. macrophyllum)
Strath terraces: Oregon white oak (Q.
garryana), Native perennial and invasive
annual grasses
Chaparral (south-facing slopes,
higher elevations): Manzanita
(Arctostaphylos spp.), Live oak (Quercus
spp.), Chamise (A. fasciculatum),
Ceanothus (Ceanothus spp.)

Woody plants: Oregon white oak (Q.
garryana), Manzanita (Arctostaphylos
spp.), Minor California black oak (Q.
kellogii) and buckeye (A. californica
Herbaceous cover: Slender oat (A.
barbata), Foxtail barley (H. murinum),
Filaree (E. cicutarium), Medusahead (T.
caput-medusae), Velvet grass (H.
lanatus), Italian thistle (C.
pycnocephalus
Riparian: Oregon ash (F. latifolia),
Bigleaf maple (A. macrophyllum)
Large sandstone blocks have similar
vegetation community as Elder Creek

Notes: aLovill et al. [2018]. bCalculated from National Land Cover analytical tree canopy cover data set.
cCalculated from 1 m pixel-size NCALM lidar data set. dFuller et al. [2009]. eDetermined in this study
using cosmogenic 26Al; see section 3.4. fSee also Johnson [1979]. gSee also Hahm et al. [2017b] and Hahm
et al. [2018].
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Figure 3.6: Map of study area in the Central Belt mélange (‘Sagehorn’), highlighting mixed
woodland and savanna vegetation communities. Inset box shows expanded view of topog-
raphy along intensively-studied hillslope. Coordinates provided in NAD83/UTM Zone 10N.
1 (grey) and 5 (black) m ground surface elevation contours from 2015 lidar collected by
NCALM. Background NAIP air photo from May 29, 2012.
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Table 3.2: Historical climate

Site Mean annual
precipitation (mm)

Mean annual
temperature (◦C)

Time range Reference

Angelo 2,032 1900–1963 Rantz [1968]
2,156 1946–1976 Johnson [1979]
1,893 1985–2007 Peter Steel, pers.

comm., 2016
2,042 12.4 1981–2010 PRISM

Sagehorn 1,524–1,778 1900–1963 Rantz [1968]
1,790 1961–1976 Interpolated

COOP stationsa

1,811 13.3 1981–2010 PRISM
Notes: In the 15-year period from 1961 and 1976, two formerly active weather stations in Branscomb

and Willits, CA, recorded 2,190 and 1,389 mm of average annual precipitation, respectively (data from

NOAA.gov; COOP IDs: 041046 and 049684, elevations: 445 and 412 m, 25 km NW and 20 km SW of the

site, respectively).

losses at Angelo [see discussion below and analysis by Dralle et al., 2018], the amount of
rainfall arriving at the ground surface is nearly identical at both sites. Both sites experience
high interannual precipitation variability resulting in periodic drought conditions (Dettinger
et al. [2011] report that the regional coefficient of variation of annual water year precipitation
between 1951 and 2008 was 0.3 to 0.4).

Geology

This area of the Northern California Coast Ranges is primarily underlain by the Francis-
can complex (Table 3.3), which is divided into three generally north-south (coast-parallel)
trending belts that are separated by fault contacts and decrease in age, subduction depth,
and metamorphic grade to the west [Blake and Jones, 1974; Blake et al., 1985; Irwin, 1960;
McLaughlin et al., 1994]. The Coastal and Central Belts underlie ∼15% and ∼50% of the
Eel River watershed, respectively [Langenheim et al., 2013]. The Elder Creek watershed and
our intensively studied hillslope, Rivendell, are underlain by Coastal Belt turbidites (which
we group together with the lithologically similar and sometimes subdivided Yager terrane)
and primarily consist of argillite with smaller amounts of interbedded sandstone (greywacke)
and minor conglomerate [Jayko et al., 1989; Lovill et al., 2018].

Sagehorn is underlain by the Central Belt, which is locally interpreted to be a low-
temperature, high-pressure tectonic flow mélange [Cloos, 1982]. The mélange matrix is
primarily argillaceous (mudstone protolith) and has a scaly appearance [Blake and Jones,
1974]. The matrix grades over distances of tens of meters from fractured and folded but bed-
ded mudstone into argillaceous material exhibiting “anastamosing fracture cleavage” [Cloos,
1983] that encompasses coherent blocks of widely varying sizes (10−2 to 104 m) of greywacke

NOAA.gov
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Table 3.3: Franciscan geology of the Northern California Coast Ranges

Coastal Belt Central Belt
Lithology Interbedded argillite,

greywacke, minor
conglomerate (‘broken
formation’)

Argillite-matrix mélange with
blocks (primarily greywacke,
chert, minor greenstone,
blueschist, eclogite,
limestone)

Age Paleocene to Eocene Jurassic to Paleocene
Interpreted formation Deformed turbidite

sedimentary deposits
Subduction-complex flow
mélange

Metamorphic facies Zeolite Pumpellyite
Approximate burial P-T 1 kbar, <175 ◦C 3–10 kbar, 100–250 ◦C
Mineralogy Argillite: quartz, albite,

illite, chlorite, muscovite,
microcline, kaolinite, calcite,
smectite, anatase, iron
oxides, and pyrite
Greywacke: feldspar,
quartz, micas, lithics, and
some prehnite
Abundant laumontite veins

Mélange matrix: quartz,
albite, microcline, muscovite,
chlorite, illite, titanite, minor
gypsum, pumpellyite and
lawsonite, rare kaolinite, and
locally aragonite/calcite
Lacks laumontite

Notes Argillite undergoes
disaggregation upon wetting
and drying cycles; open
fractures above fresh bedrock

Melange matrix deforms in
near surface (‘blue goo’);
tendency to seal fractures

Notes: References: this study; Cloos [1982]; Ernst and McLaughlin [2012]; Gu et al. [2016]; Jayko et al.

[1989]; Kim et al. [2014].

(lithic-rich sandstone), chert, and minor high-grade metamorphics and ultramafics. At our
site (and elsewhere within the Central Belt [Cloos, 1982]) greywacke is the most common
block by exposed area [Lovill et al., 2018]. The mélange matrix is colloquially called blue
goo, due its hue in a reduced state and its viscous-like rheology in the near surface. Previ-
ous mineralogical studies near the site indicated that the matrix is primarily quartz, albite,
chlorite, and phengitic white mica with rare kaolinite, pumpellyite, and lawsonite [Cloos,
1983]. Although better known for its high-grade (blueschist) blocks, the pelitic matrix is the
primary component of the Central Belt mélange [Cloos, 1983].

Soils

Soils at the Coastal Belt site are classified as alfisols [Rittiman and Thorson, 2001], consistent
with our field observations. At Rivendell, the soil is thin where the slope steepens near the



CHAPTER 3. CRITICAL ZONE WATER STORAGE CAPACITY CONTROLS PLANT
DISTRIBUTION 60

channel and generally thicker (30–50 cm) toward the topographic divide [Oshun et al., 2016].
Augering and digging explorations indicate that the surface organic horizon is 5 cm thick.
Below lies a massive or poorly sorted, yellow-brown layer rich in centimeter-scale colluvial
fragments of argillite and sandstone that lacks clear horizonation. Rock fragments typically
have red and brown oxide staining on their exteriors and on internal fracture surfaces. Visible
macropores are common, most likely recording root casts and burrows by animals and insects.
Despite originating from argillite bedrock, the soil does not experience seasonal deep cracking
or other obvious shrink-swell features. The transition between this mobile soil and intact,
physically immobile saprolite is typically abrupt and readily identifiable in road cuts or
soil pits via poorly sorted colluvium overlying coherent argillite that exhibits through going
networks of millimeter- and centimeter-scale fractures and occasional larger-scale bedding
planes. Observed processes that collectively mix and transport soil at Rivendell include
ground-wasp nesting, animal burrowing, tree throw, rain splash, and during colder winter
days the formation of ice pedestals that loft particles downslope.

Soils within the savanna-woodland developed on mélange matrix at the Central Belt site
are classified as mollisols [Rittiman and Thorson, 2001], in agreement with observations from
∼30 pits and augered boreholes along the topographic divide within the oak-grassland areas.
A ∼30-cm-thick brown-black organic-rich granular mineral A horizon abruptly overlies a
yellow-gray, massive 10- to 20-cm-thick Bt horizon with higher clay content. There is usually
an increase in large rock fragments at the Bt–C horizon boundary, and the matrix and rock
fragments become less yellow-red and more gray-black-blue in hue. It is not uncommon to
find fragments of numerous lithologies (primarily greywacke, chert, and argillite) within a
single soil pit at the topographic divide. Here, too, we observe no desiccation cracks on
the ground surface in summer. Saturated hydraulic conductivity is high in the near surface
(exceeding 104 cm/s and comparable to maximum hourly rainfall intensities observed since
the deployment of a precipitation gauge in 2015) and decreases with depth, reaching lower
values (∼105 cm/s) in the upper saprolite [Dralle et al., 2018]. Local soil transport occurs
via gopher burrowing, wasp nesting, rainsplash, overland flow wash, and (accompanying
Euro-American settlement) pig rooting.

Regional uplift and geomorphology

The northward migrating Mendocino Triple Junction was at the latitude of the study area
approximately 3 Ma [Atwater and Stock, 1998], and fluvial-marine deposit transitions suggest
that the land emerged from sea level at this time [Lock et al., 2006]. High regional uplift
rates continue to drive rapid river incision in the Northern California Coast Ranges, creating
ridge and valley topography. At the study watersheds, prominent local knickpoints (short,
steep reaches) are present along the main stem channels [Lovill et al., 2018]. Rivendell lies
below a major knickpoint on Elder Creek (in the Coastal Belt), which Seidl and Dietrich
[1992] proposed originated at the junction with the South Fork Eel and propagated upslope.
In contrast, our intensively studied hillslope at Sagehorn in the Central Belt lies above
a major apparently stationary knickpoint interpreted to arise from a large resistant block
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within the mélange encountered by the main stem during incision (as evidenced by a large
continuous outcrop on the hillslope adjacent to the knickpoint). This may be one factor
contributing to the generally gentler topography within Dry Creek (Central Belt) than in
Elder Creek (Coastal belt; Table 3.1). Within Elder Creek, Holocene fluvial incision rates
were ∼0.2 mm/year, and during wetter conditions in the Pleistocene, landscape-averaged
erosion rates were ∼0.4 mm/year [Fuller et al., 2009]. Dry Creek’s basin-wide cosmogenic
nuclide-inferred erosion rate (see section 3.4) is 0.12 ± 0.01 mm/year, about half that of
Elder Creek, consistent with a decline in modeled regional rock uplift rates at the more
southern location of Dry Creek [Lock et al., 2006] combined with lower erosion rates locally,
above the prominent knickpoint [Lovill et al., 2018].

The generally weak bedrock of the Franciscan results in numerous earthflows within
the Central Belt [Mackey and Roering, 2011; Roering et al., 2009, 2015] and deep-seated
landslides and debris flows in the Coastal Belt [Stock et al., 2005]. The Dry Creek watershed
exhibits widespread earthflow topography (lumpy, “melted ice cream” appearance [Kelsey,
1978]), yet few flows are presently active and the topography may be largely relict, perhaps
due to reduced river incision upslope of the knickpoint. This would be consistent with the
observations of Bennett et al. [2016], who noted the preponderance of active earthflows below
knickpoints across the mélange and interpreted the relative lack of active earthflows above
knickpoints to result in the preservation of relict terrain in headwater catchments of the Eel
River watershed.

Vegetation

The vegetation communities across the two sites are starkly different (see species lists in
Table 3.1, maps and photos in Figures 3.2 and 3.3, and early descriptions of the region in
Clark [1937]). Angelo (in the Coastal Belt) is characterized by a mixed broadleaf-needleleaf
evergreen forest that grades into chaparral at higher elevations and on some south-facing
slopes. Douglas fir (Pseudotsuga menziesii) is the dominant canopy-emergent species on
north-facing slopes and in tributary valleys on south-facing slopes and is typically associated
with tan oak (Notholithocarpus densiflorus), live oaks (Quercus chrysolepis and Quercus
agrifolia), Pacific madrone (Arbutus menziesii), and California bay laurel (Umbellularia
californica). Coast Redwood (Sequoia sempervirens) is not present in the Elder Creek study
watershed but is common elsewhere at Angelo and the Coastal Belt in areas more subject
to fog. The spatial extent of the Douglas fir may partly be a relic of the practice of Native
American burning, which reduced the extent of fir relative to the hardwood forests [Johnson,
1979].

In contrast, Sagehorn, in the Central Belt, is predominantly inhabited by winter decidu-
ous oaks and annual grasses. The water limitation-tolerant Oregon white oak (also known
as Garry oak; Quercus garryana) is the dominant species [Hahm et al., 2018] and is con-
centrated with higher density on north-facing slopes, occasionally forming woodlands with
contiguous canopy. Dense evergreen forest areas without an herbaceous understory are found
on large sandstone blocks, dominated by Pacific madrone and Douglas fir. California black
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oak (Quercus kelloggii) is common along ecotones, which are typically abrupt between grass-
land and evergreen forest but diffuse between grassland and oak woodland. Rare ultramafic
and high-grade metamorphic blocks (order 10 m across) outcrop as barrens devoid of soil
and host rare endemic species.

3.4 Methods

Here we outline the methods employed to track water as it moves through the subsurface
to streams, to document its storage within the subsurface in relation to the structure of the
critical zone, and then to quantify plant community distribution and water availability.

Stream runoff

Stream runoff at the Coastal Belt site is measured by the U.S. Geological Survey (USGS
Gauge 11475560, Elder Creek near Branscomb, CA; upstream area 16.8 km2), ∼200 m
upstream from the base of the Rivendell study hillslope near the confluence of the creek with
the South Fork Eel River. During the study period, streamflow was gauged by the USGS
5–10 times per year, and the USGS estimates 5–10% accuracy for discharge. At the Central
Belt mélange site, we measure stage in the channel of Dry Creek near its mouth (∼1,400
m downstream from the base of the study hillslope; upstream area 3.46 km2) and calculate
runoff from a rating curve established from >20 measurements spanning discharges of less
than 0.001 to greater than 10 m3/s. Based on the quality of the rating curve and precision
of the stage recorder (see below), we estimate 5–10% accuracy for the Dry Creek discharge
record.

Precipitation and interception

Precipitation is measured with unshielded tipping-bucket rain gauges (Model TB4, Hyquest
Solutions). The manufacturer-provided measurement accuracy is better than ±3% given
the intensity of rainfall experienced at the site. We perform three adjustment procedures
that account for (1) wind-induced undercatch [see supporting information and Allerup and
Madsen, 1980; Sevruk, 1982; Yang et al., 1998, for more detail]; (2) horizontal variations in
rainfall; and (3) data gaps prior to the deployment of gauges. For the Dry Creek catchment
(Central Belt), we use one centrally located ridgetop rain gauge (Sagehorn, 715 m a.s.l.),
and for the Elder Creek catchment (Coastal Belt), we average precipitation from a gauge
located near the mouth (‘Angelo Meadow,’ 405 m a.s.l.) and the headwaters (‘Cahto Peak,’
1,249 m a.s.l.). The Daymet V3 climate product (https://daymet.ornl.gov/) is used to
extend the precipitation time series prior to 2015 at both sites.

To correct for the effects of wind at our weather station gauges [Allerup and Madsen,
1980; Sevruk, 1982], we use the wind speed correction factor specific to the gauge geometry
to adjust recorded precipitation totals at each 5 minute interval following Yang et al. [1998].

https://daymet.ornl.gov/
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This likely still underestimates total precipitation, as we exclude wetting losses, evaporation
and splash. A few storms each winter may also fall as snow, which is generally more suscep-
tible to aerodynamic losses than rain [Sevruk, 1982]. Across the 2016 and 2017 water years,
this correction procedure resulted in a 5% increase in total precipitation for a relatively
sheltered gauge in a lowland area with surrounding tall trees (‘Angelo Meadow’) and a 13%
increase for a relatively exposed gauge on a grass-dominated ridgeline (‘Sagehorn’) due to
high winds during precipitation events at the ridge.

Interception losses are calculated on a daily basis, based on site-specific wet-up losses
[Laio et al., 2001]. We subtract 1 or 4 mm from daily rainfall totals respectively from the
winter-deciduous oak annual grass savanna-woodland (Dry Creek catchment; Central Belt)
or mixed needleleaf-broadleaf evergreen forest (Elder Creek catchment; Coastal Belt); when
less rain falls than these thresholds no effective precipitation occurs. The result of this
approach (13% precipitation reduction at Elder and 4% at Dry) is consistent with measured
differences in rainfall totals found in the literature for the dominant species at our site
[Krygier, 1971; Pypker et al., 2005], an under-canopy gauge at Rivendell in the Coastal Belt
[Salve et al., 2012], and regional and global estimates of similar forest types [Miralles et al.,
2010; Reid and Lewis, 2009].

The wind correction and interception accounting are only applied to the post 2015 rainfall
record. For the historical data from 2002–2015 we assume the Daymet product is corrected
for wind-induced losses. For this same time period, interception is interpreted to be included
within the MODIS-derived ET dataset [Ryu et al., 2011]. Apparent discrepancies in the
Elder Creek water year ET estimates presented here in the Budyko plot vs. in Rempe
and Dietrich’s [2018] supplementary material are due to the fact that interception is not
included in the precipitation term presented in the Budyko plot here, but is instead part
of the MODIS-derived ET estimate. In contrast, interception is removed from P in Rempe
and Dietrich [2018] prior to the estimation of ET from a water budget analysis.

We specify a canopy interception storage to account for an initial, event-based ‘wet-
up’ period in which rain is captured by the canopy, after which throughfall is equal to the
incoming rain intensity [see supporting information and Krygier, 1971; Laio et al., 2001;
Miralles et al., 2010; Pypker et al., 2005; Reid and Lewis, 2009, for more detail]. The
resulting effective precipitation available for storage, evapotranspiration, and runoff, P, is
used in subsequent analyses.

Evapotranspiration and radiation

For each of the two study catchments, we compute potential evapotranspiration (PET ) with
the Hargreaves method [Hargreaves and Samani, 1982, 1985], which requires daily maximum,
minimum, and mean temperatures obtained from the weather stations, as well as radiative
forcing as a function of latitude and day of year, calculated with scripts from the PyETo
Python package. PET calculated prior to 2015 relies on Daymet temperature records, which
compare well with our local weather stations at both sites during times for which the two
data sets overlap. Total solar radiation is measured at Angelo with a Li-Cor LI200X-L
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Pyranometer. Using historical estimates of actual evapotranspiration (ET ) from a process-
based Moderate Resolution Imaging Spectroradiometer (MODIS)-derived data set described
in Ryu et al. [2011] along with Daymet precipitation records, we also plot annual values for
each catchment from 2002–2015 in the Budyko space: evaporative fraction (ET /P) versus
aridity (PET /P). ET is difficult to quantify over large spatial scales (particularly when Q
is lacking, as is the case at Dry Creek prior to our installation of a stream gauge there). The
uncertainty of the ET data has been evaluated via intercomparison with annual basin water
balance and flux tower estimates of ET by Ryu et al. [2011], yielding a root-mean-square
error of 31% and 26%, respectively (these comparison data sets are also subject to their own
inherent uncertainties). For the purposes of this study, we are primarily interested in how
differences in subsurface water storage capacity between nearby sites manifest in distinct
water balance regimes (and therefore location within the Budyko plot). For this purpose,
the Ryu et al. [2011] ET data set, which relies on satellite-based greenness indices, is suitable
for intersite comparison even if the absolute location of each catchment within the Budyko
space is subject to uncertainty. This is based on the reasonable assumption that greenness
scales with ET at each site (i.e., the remotely sensed ET signal is correct in relative if not
in absolute magnitude). We fit curves to each site in the Budyko space using the analytical
formulation of Yang et al. [2008]. A single fitting parameter (n) is used to describe the
shape of the Budyko curve; low values of n correspond to catchments with low storage that
transform precipitation into runoff efficiently; high values of n correspond to catchments
with high storage that are able to store precipitation and return it to the atmosphere via
evapotranspiration.

Catchment-integrated dynamic water storage

Catchment water budgets for the 2017 water year wet season were compared between the two
study sites to quantify water storage. The seasonally dynamic water storage is calculated
as the change in total catchment storage (∆S) relative to an October 1 reference state [e.g.,
Sayama et al., 2011]. This date typically coincides with the end of the dry season when annual
catchment water storage is at a minimum. Changes in dynamic storage result from gains due
to effective precipitation (P) and losses to runoff (Q) and evapotranspiration, which in the
wet season is assumed to be approximately equal to PET (we lack daily estimates of actual
evapotranspiration for the 2017 water year). Using daily data, we plot cumulative running
storage change as ∆S = ΣP − ΣQ− ΣPET. We stop the analysis at the end of May, when
the approximation ET ≈ PET—which assumes high wet season water availability (and an
energy-limited state, as is typical in the area [Reid and Lewis, 2009])—becomes increasingly
inaccurate. Hence, to the extent that ET <PET in the wet season, the inferred dynamic
storage is an underestimate of the actual dynamic storage. Small biased inaccuracies can
compound in this running mass balance, requiring high-accuracy input data to produce
reasonable dynamic storage estimates. Our analysis benefits from the small areas of the
study catchments (which minimize horizontal variation in rainfall and PET ) and is generally
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corroborated by hillslope-scale measurements of dynamic storage capacity (discussed below).
Dralle et al. [2018] further discuss this method of analysis and its uncertainty.

Boreholes and Well Casings

Boreholes were drilled during multiple field campaigns at both sites from 2007–2015 to
depths typically below the transition from weathered to fresh bedrock (to a maximum of ∼30
m). Recovered material was documented, where feasible, with respect to its color, texture,
presence, or absence of minerals indicative of weathering fronts (e.g., pyrite and calcite),
fracture density and fill, and water stable isotopic composition [see Hahm et al., 2017a; Oshun
et al., 2016; Rempe and Dietrich, 2018]. These observations, together with groundwater
dynamics and drilling rate-inferred material strength, are used to describe subsurface CZ
structure. The depth to fresh bedrock is locally determined by a large increase in material
strength, perennial saturation, and lack of mineral weathering. Boreholes were used to
monitor groundwater and vadose zone moisture dynamics (see sections below)

Holes were drilled to 2”, 3” or 4” diameter and cased with 2” or 3” schedule 40 PVC
pipe, slotted along the entire length. The upper ∼20 cm of wellheads are encased in concrete
for stability and to prevent infiltrating near surface water from percolating along the casing.

SEM microstructure analysis, mineralogy, and bulk geochemistry

To study microstructures that control the porosity and permeability of the fresh mélange
matrix of the Central Belt, we collected core on 25 September 2015 and analyzed a sample
recovered from 15.3 m below the ground surface in borehole 501 (Figure 3.6) at the Indiana
University Shale Research Lab [see Schieber, 2010, for more detail]. The sample was prepared
for scanning electron microscope (SEM) analysis via argon ion milling and scanned at 15.0
kV and 70 Pa.

The mineralogy of both fresh and weathered material obtained from drilling at both sites
was measured using X-ray powder diffraction at Indiana University, with quantitative phase
determinations via the Rietveld method [see, e.g., Bish and Howard, 1988], normalized to
100%. The relative abundances of illite and smectite were separately estimated via fits to
diffraction intensity and are expressed as point-bounded horizontal bars defining conservative
concentration estimates; these phases are not included in the normalization.

To compare parent material bulk composition, we measured the geochemistry of fresh,
unweathered bedrock at both sites after pulverization to 200 mesh and analysis via lithium-
borate fusion inductively coupled plasma emission spectroscopy at the Bureau Veritas Min-
eral Laboratories (Vancouver, BC).

Erosion rates

We collected in-channel stream sediment from near the mouths of two creeks at Sagehorn
(Dry and Hank, which bound the study ridge) within the Central Belt mélange to estimate
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basin-wide cosmogenic-nuclide-inferred erosion rates [e.g., Granger et al., 1996]. In stream
sediment samples were collected on 2017-04-23 near the mouths of Hank Creek (∼300 m
upstream from the Sherwood Road bridge) and Dry Creek (∼70 m upstream from the Sher-
wood Road bridge). Because the basins are small (both <6 km2), we used their mean
elevations and latitudes to determine basin-wide scaling factors. Due to the relatively gentle
topography and lack of snow, we do not correct the scaling factor by any shielding term;
topographic shielding is generally small [Vermeesch, 2007], and neglecting to account for it
results in erosion rates that are slightly underestimated. We separated quartz from each
sample following standard procedures and then isolated Al within the quartz. The con-
centration of cosmogenic 26Al was measured at the PRIME lab at Purdue University. We
then used the CosmoCalc program [Vermeesch, 2007] with Stone’s [2000] scaling relations
to determine erosion rates (rates reported in Table 3.1). Analytical uncertainties from the
accelerator mass spectrometer measurement were propagated and are reported with the ero-
sion rate estimates. The original 26Al atoms/g concentrations and uncertainties measured by
the PRIME lab are included in the supplementary workbook (‘CosmoCalc-Dry Hank.xlsx’)
of Hahm et al. [2019b], which can be used to reproduce the erosion rate calculations when
the CosmoCalc plugin [Vermeesch, 2007] is installed.

Groundwater dynamics

We deployed pressure transducers in wells to monitor groundwater table dynamics at Sage-
horn in the Central Belt in 2015 (Rivendell’s 12 wells in the Coastal Belt were already in-
strumented before the start of this study). Most wells are outfitted with vented transducers
that compensate for atmospheric pressure changes (models CS-450 and CS-451, Campbell
Scientific); some are outfitted with offline, internal-battery powered pressure transducers
(Solinst Levelogger) that are corrected for atmospheric pressure fluctuations with a nearby,
similar-elevation barometric pressure sensor. In some boreholes that were not drilled to the
fresh bedrock boundary (MN-1, MS-4, 505, and 508 at Sagehorn) the water table drops
below the base of the wells during portions of the year. The accuracy of the Campbell and
Solinst transducers are 3.5 and 5 mm, respectively.

Dissolved oxygen in groundwater

We measured dissolved oxygen content in groundwater at Sagehorn in the Central Belt with
an optical luminescence sensor (YSI ProODO), with descending depth profiles through the
entire undisturbed water column. We waited for readings to stabilize at each measurement
depth, which typically took between 30 and 180 s. The instrument measures and adjusts
dissolved oxygen percentages to temperature in the water and barometric pressure at the
surface. We routinely calibrated the dissolved oxygen meter following manufacturer guide-
lines with two end-members: water-saturated air, achieved by equilibrating the sensor in a
100% relative humidity sleeve, and 0% dissolved oxygen solution, achieved by dissolving 8–10
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g of sodium sulfite in 500 ml of water. The manufacturer provided accuracy when correctly
calibrated is ±1%.

Tree water potential

Predawn shoot water potentials were measured near topographic divides at the end of the
summer dry season at both sites with a Scholander-type pressure-chamber apparatus [Boyer,
1995; Scholander et al., 1965] following the methods outlined in Hahm et al. [2018]; the
instrument precision in field conditions is ±0.1 MPa. These measurements are used to
compare relative water stress between sites. At the Central Belt site, we measured Q.
garryana and at the Coastal Belt site we measured three genera of hardwoods (Q. chrysolepis,
N. densiflorus, and A. menziesii) as well as the conifer P. menziesii. Samples were collected
from mature individuals (breast-height diameters typically >25 cm) within 2.5 m of the
ground surface at the Central Belt. At the Coastal Belt site, approximately half of the trees
sampled had canopies that were inaccessible from the ground, and climbing ropes were used
to obtain shoots. These samples’ predawn potentials were corrected for the gravitational
component of water potential based on their collection height above the ground surface.

Remotely sensed vegetation analyses

Tree canopy cover and primary productivity.—To explore differences in the forest density
between sites, we use the Landsat-derived 2011 analytical Tree Canopy Cover data set (0 to
100% tree canopy cover) provided by the National Land Cover Database [Homer et al., 2015].
We also accessed and aggregated the Landsat-derived Net Primary Production CONUS data
set [Robinson et al., 2018] in the Google Earth Engine platform (30-m pixel size) to determine
watershed average productivity across the two rock types.

MODIS EVI.—We analyzed time series of the MODIS enhanced vegetation index (EVI)
MOD13Q1 product [Huete et al., 2002] to assess the impact of CZ water storage dynamics on
plant community function and leaf phenology (250-m pixel size). We accessed and aggregated
the data using the Google Earth Engine platform and extracted the median EVI pixel value
within our study watersheds for the duration of the MODIS program, resulting in 16 complete
water years of data. This effectively captured the leaf dynamics of the mixed broadleaf-
needleleaf evergreen forest of the Coastal Belt and the herbaceous ground cover (with minor
deciduous oak contribution) of the Central Belt [see, e.g., Huete et al., 2006]. To explore the
seasonal dynamics of ecosystem function, we plot composite annual time series by averaging
the median watershed EVI at the same date across all years.

Time series Landsat and historical air photos.—We created a cloud-free mosaicked video
of the wider field area (Mendocino County, California) with all available Landsat natural
color imagery in the Google Earth Engine platform (see the Movie S1 hosted online at
the Hahm et al. [2019b] website) to visualize boundaries between vegetation types through
time. We also analyzed historical air photos of the Central Belt site (provided by the UC
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Santa Barbara Maps and Imagery library) and more recent orthoimagery from the National
Agriculture Imagery Program.

3.5 Results

Results are organized around a description of subsurface critical zone structure, runoff path-
ways, and water storage at each site, followed by a comparison of plant community distri-
bution, function, and water status. Some of the descriptions of subsurface structure and
the hydrologic cycle, particularly for the Coastal Belt, synthesize many previously published
works from the Eel River Critical Zone Observatory not previously collectively summarized.
These descriptions (with appropriate citations) are combined together with new results here
in order to provide a complete, stand-alone portrait of the site. They are then followed
by a parallel description of the Central Belt. The common descriptions of both sites lay
the foundation for the synthesis of subsurface weathering zone patterns, water storage, and
surface ecosystems.

Coastal Belt (Rivendell unit hillslope and Elder Creek)

Subsurface critical zone structure.—The Coastal Belt is pervasively fractured and consists of
turbidites—packages of interbedded mudstones, sandstones, and conglomerate—which are
typically decimeters to meters thick. Extensive drilling shows that the weathering profile
structure varies systematically across the landscape [Rempe and Dietrich, 2014, 2018; Salve
et al., 2012]. Unweathered bedrock is exposed at the ground surface in Elder Creek and
the South Fork Eel River. The depth to fresh bedrock increases from about 4 m just above
the channel to ∼30 m at the hillslope divide [Figure 3.7; Rempe and Dietrich, 2018]. Just
below the soil, weathering has generated about 1 to 2 m of saprolite (a material with soil-
like properties that retains relict-rock structure). A highly fractured and oxidized weathered
bedrock zone lies between the saprolite and unweathered bedrock. Roots were observed to
16-m depth during drilling.

Runoff pathways and water storage.—At the start of the wet season, precipitation tran-
sits through the mixed broadleaf-needleleaf evergreen forest and then flows vertically as
unsaturated flow through the highly conductive soil, saprolite, and weathered and fractured
bedrock. A seasonal wetting front advances through the soil, saprolite, and weathered rock
and replenishes a vadose zone storage deficit caused primarily by evapotranspiration in the
preceding dry season [Rempe and Dietrich, 2018; Salve et al., 2012]. Across Rivendell, up to
60 ± 17 mm (avg. ± 1 s.d.) of water is seasonally stored within the soil, and 280 ± 140 mm
is stored as rock moisture—exchangeable water stored in the unsaturated zone in weathered
bedrock [which includes saprolite; Rempe and Dietrich, 2018].

At individual wells the annual maximum rock moisture content was the same in successive
years, despite a wide range in precipitation [Rempe and Dietrich, 2018]. Total rock moisture
content increases upslope, consistent with increasing weathered bedrock thickness upslope
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wells and has been interpreted to record local fracture flow that bypassed the rock moisture reservoir (Salve
et al., 2012).

Low conductivity, perennially saturated fresh bedrock at the base of the weathering profile causes winter
recharge to develop as a seasonal groundwater within the weathered bedrock (Salve et al., 2012). As
Figure 5 illustrates, the top surface of low‐permeability fresh bedrock, defined as Zb (sensu Rempe &
Dietrich, 2014), slopes toward the adjacent channel, and groundwater flows laterally above it through a
dense fracture network. Upslope, depending on the particular location and storm magnitude frequency, it
takes between ~200 and 700 mm of cumulative water year rain for infiltrating water to elevate the rock
moisture and then pass water to the water table, causing a switch from its slow dry season decline to a more
rapid wet season response (Rempe & Dietrich, 2018; supporting information Figure S3).

At the end of the wet season, groundwater recedes, exhibiting a slow decline through the dry summer
(Figure 6). Drainage of groundwater from the weathered, fractured bedrock zone sustains perennial flow
in Elder Creek (Lovill et al., 2018): Runoff is low but persistent in the summer dry season (on average ~5
to 10 mm/month from June to September).
4.1.3. Catchment‐Wide Seasonal Dynamic Water Storage
Figure 7 plots the 2017 water year catchment‐integrated dynamic water storage as a residual of the balance
between cumulative precipitation, runoff, and potential evaporation. The first major storms of the 2017
water year delivered ~250 mm of precipitation in early October to mid‐October and produced minor stream
runoff. PET at this time of year is minor and caused little moisture storage change before the arrival of sub-
sequent storms. Subsequent precipitation continued to increase storage in the subsurface throughout the
Elder Creek catchment, and the runoff response remained relatively muted until large storms in mid‐
December (recording the progressive increase in rockmoisture storage). By January, increases in cumulative
runoff closely tracked increases in the cumulative precipitation curve, and the cumulative storage curve
leveled off between ~500 and 700 mm, with transient gains and losses in response to storms. Recession ana-
lysis indicates that the dynamic water storage at Elder consists primarily of “indirect” storage, which does
not drive streamflow and is mainly held as water below a “field capacity”‐like state in soils, saprolite, and

Figure 5. Schematic cross sections of hillslopes in the Coastal Belt (left) and Central Belt (right) of the Franciscan Complex, highlighting contrasting critical zone
structure, runoff pathways, vegetation distribution, and topography. End of winter and end of summer water table positions shown with inverted blue and red
triangles, respectively. Runoff in Coastal Belt is generated from saturated flow through fractures in the deep, weathered rock zone that thickens toward the topo-
graphic divide. In the Central Belt, the CZ is approximately tenfold thinner at the topographic divide. Many winter storms completely saturate the subsurface,
resulting in quick shallow subsurface storm flow through macropores and widespread saturation overland flow. Figure not to scale.
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Figure 3.7: Schematic cross sections of hillslopes in the Coastal Belt (left) and Central Belt
(right) of the Franciscan complex, highlighting contrasting critical zone structure, runoff
pathways, vegetation distribution, and topography. End-of-winter and end-of-summer water
table positions shown with inverted blue and red triangles, respectively. Runoff in Coastal
Belt is generated from saturated flow through fractures in the deep, weathered rock zone
that thickens toward the topographic divide. In the Central Belt, the subsurface CZ is
approximately tenfold thinner at the topographic divide. Many winter storms completely
saturate the subsurface, resulting in quick shallow subsurface storm flow through macropores
and widespread saturation overland flow. Figure not to scale.

(Figure 3.7). Once the maximum storage capacity is reached, further rainwater inputs induce
water transport deeper along fractures, recharging the underlying groundwater [Rempe and
Dietrich, 2018]. Minor early wet season groundwater response occurs in some wells and has
been interpreted to record local fracture flow that bypassed the rock moisture reservoir [Salve
et al., 2012].

Low conductivity, perennially saturated fresh bedrock at the base of the weathering
profile causes winter recharge to develop as a seasonal groundwater within the weathered
bedrock [Salve et al., 2012]. As Figure 3.7 illustrates, the top surface of low-permeability
fresh bedrock, defined as Z b [sensu Rempe and Dietrich, 2014], slopes toward the adjacent
channel, and groundwater flows laterally above it through a dense fracture network. Upslope,
depending on the particular location and storm magnitude frequency, it takes between ∼200
and 700 mm of cumulative water year rain for infiltrating water to elevate the rock moisture
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and then pass water to the water table, causing a switch from its slow dry season decline to
a more rapid wet season response [Rempe and Dietrich, 2018; Figure 3.8].

At the end of the wet season, groundwater recedes, exhibiting a slow decline through the
dry summer (Figure 3.9). Drainage of groundwater from the weathered, fractured bedrock
zone sustains perennial flow in Elder Creek [Lovill et al., 2018]: Runoff is low but persistent
in the summer dry season (on average ∼5 to 10 mm/month from June to September).

Catchment-wide seasonal dynamic water storage.—Figure 3.10 plots the 2017 water year
catchment-integrated dynamic water storage as a residual of the balance between cumula-
tive precipitation, runoff, and potential evaporation. The first major storms of the 2017
water year delivered ∼250 mm of precipitation in early October to mid-October and pro-
duced minor stream runoff. PET at this time of year is minor and caused little moisture
storage change before the arrival of subsequent storms. Subsequent precipitation contin-
ued to increase storage in the subsurface throughout the Elder Creek catchment, and the
runoff response remained relatively muted until large storms in mid-December (recording the
progressive increase in rock moisture storage). By January, increases in cumulative runoff
closely tracked increases in the cumulative precipitation curve, and the cumulative storage
curve leveled off between ∼500 and 700 mm, with transient gains and losses in response
to storms. Recession analysis indicates that the dynamic water storage at Elder consists
primarily of “indirect” storage, which does not drive streamflow and is mainly held as water
below a “field capacity”-like state in soils, saprolite, and weathered rock and is returned to
the atmosphere via transpiration [Dralle et al., 2018; Rempe and Dietrich, 2018].

Central Belt (Sagehorn unit hillslope and Dry Creek)

General subsurface critical zone structure.—At Sagehorn in the Central Belt, fresh mélange
matrix is often exposed in channels and drilling observations reveal that it is only 2 to
4 m below the surface at ridgetops. Hence, the subsurface CZ in the mélange is roughly
10 times thinner than in the Coastal Belt (Figure 3.7). Below the soil lies a ∼50-cm-
thick, yellow-gray saprolite zone with soil-like texture that grades into a 1- to 2-m-thick,
gray-black weathered rock zone. Observed rooting and hyphae depths are confined to the
upper few meters. Recovered drill core and observations of fresh bedrock in stream channels
indicate that unweathered mélange matrix has a characteristic blue-black unoxidized hue.
Figure 3.11 reports mineral phases in depth profiles for a borehole at Sagehorn (Central
Belt) and Rivendell (Coastal Belt). The uppermost two samples at Sagehorn (from 0.15
and 0.45 m below the surface) and the uppermost sample at Rivendell (from 0.6 m below
the surface) were taken from within the mobile regolith (soil). At Sagehorn, the relatively
unstable phase gypsum is gone from the soil but present above the fresh bedrock boundary,
whereas calcite remains present in the near surface within the soil. There also appears
to be a significant enrichment of quartz and depletion of muscovite and chlorite in the
uppermost soil relative to the fresh underlying bedrock. Below the depth of the transition to
fresh bedrock at Sagehorn (in the Central Belt), there is a higher concentration of chlorite
and illite and lower concentration of kaolinite, relative to the mineralogy at Rivendell (in
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Figure 3.8: Timeseries of groundwater behavior inferred from pressure transducers in con-
tinuously slotted monitoring wells at Sagehorn (upper panel, Central Belt mélange site)
and Rivendell (lower panel, Coastal Belt site). Groundwater elevation is referenced to the
ground surface elevation at the location of each well. At Sagehorn, wells drilled into primar-
ily mélange matrix (500, 502, 506, 507, 508, MN-1, and MS-4) exhibit flashy responses to
winter rain events and rise to the ground surface frequently throughout the winter, receding
to relatively shallow depths over the course of the dry season. Wells 501 and 503 are drilled
into a crystalline-block complex and sandstone block, respectively, and have a deeper water
table. Wells 500, 501, 502, and 503 are located along a topographic divide, wells 506, 507,
and 508 along a slight topographic saddle, well MS-4 in the axis of a colluvial hollow, and
well MN-1 along the side slope of a colluvial hollow (see Figure 3.6). Horizontal summer
groundwater lines in wells 508, MN-1, and MS-4 reflect groundwater recession below pres-
sure transducer depth. See Rivendell well locations in Figure 3.5. In all wells at both sites,
periodic vertical negative excursions in summer reflect groundwater sampling events. Times
when pressure transducers were removed for sampling were filtered from the timeseries with
a median rolling filter with a 0.25 m threshold and 12 hour window, and gap-filled with
linear interpolation. Straight lines in Feb., 2017, reflect missing, interpolated data.
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weathered rock and is returned to the atmosphere via transpiration
(Dralle et al., 2018; Rempe & Dietrich, 2018).

4.2. Central Belt (Sagehorn Unit Hillslope and Dry Creek)
4.2.1. General Subsurface Critical Zone Structure
At Sagehorn in the Central Belt, fresh mélange matrix is often exposed in
channels and drilling observations reveal that it is only 2 to 4 m below the
surface at ridgetops. Hence, the subsurface CZ in the mélange is roughly
10 times thinner than in the Coastal Belt (Figure 5). Below the soil lies a
~50‐cm‐thick, yellow‐gray saprolite zone with soil‐like texture that grades
into a 1‐ to 2‐m‐thick, gray‐black weathered rock zone. Observed rooting
and hyphae depths are confined to the upper few meters. Recovered drill‐
core and observations of fresh bedrock in stream channels indicate that
unweathered mélange matrix has a characteristic blue‐black unoxidized
hue. Figure 8 reports mineral phases in depth profiles for a borehole at
Sagehorn (Central Belt) and Rivendell (Coastal Belt). The uppermost
two samples at Sagehorn (from 0.15 and 0.45 m below the surface) and
the uppermost sample at Rivendell (from 0.6 m below the surface) were
taken from within the mobile regolith (soil). At Sagehorn, the relatively
unstable phase gypsum is gone from the soil but present above the fresh
bedrock boundary, whereas calcite remains present in the near surface
within the soil. There also appears to be a significant enrichment of quartz
and depletion of muscovite and chlorite in the uppermost soil relative to
the fresh underlying bedrock. Below the depth of the transition to fresh
bedrock at Sagehorn (in the Central Belt), there is a higher concentration
of chlorite and illite and lower concentration of kaolinite, relative to the
mineralogy at Rivendell (in the Coastal Belt). Two samples from
Sagehorn (at 1.8‐2.1 and 4.0‐4.3 m in W506) also exhibited X‐ray diffrac-
tion patterns consistent with the presence of regularly interstratified
(R1) chlorite/smectite, which was not identified in the Rivendell samples.
Determining the exact concentration of interstratified chlorite/smectite at
Sagehorn is difficult and is not shown in Figure 8; however, it may be
between 10% and 20%. Smectite is present throughout the Rivendell pro-
file (in the Coastal Belt) but only appears in the soil at Sagehorn (in the
Central Belt).
4.2.2. Subsurface Structure, Runoff Pathways, and Water Storage
Most rain falls directly on low (<20 cm tall) herbaceous ground cover. The
soil has a wide distribution of macropores from roots, insects, and burrow-
ing mammals that promote near‐surface infiltration and (upon satura-

tion) exfiltration. At the end of the dry season, the seasonally dynamic groundwater is absent: Only
residual and essentially stagnant groundwater in the underlying fresh mélange remains at depths greater
than 2 to 4 m below the surface (Figure 5). The first major winter storm increases the soil and rock moisture.
Further rain leads to groundwater developing in the weathered bedrock zone above the fresh, perennially
saturated mélange. Groundwater tables in mélange‐dominated wells respond after as little as 50 mm of
cumulative precipitation and rise to within 20 cm of the ground surface after only ~100 to 200 mm, effec-
tively saturating the CZ due to the presence of a capillary fringe, implying a dynamic porosity of only ~5%
to 10% in the subsurface critical zone.

In contrast to the Coastal Belt, where groundwater remains >10 m below the ground surface at the topo-
graphic divide throughout the winter, in the Central Belt the groundwater table frequently reaches the sur-
face during rainfall events (see Figure 6, for detailed dynamics of Well 507 and supporting information
Figure S3 for time series of all wells at the site). Stream runoff is generated by subsurface storm flow and
saturation overland flow, which quickly deliver water to channels from adjacent hillslopes (Figures 3c
and 5). Field observations indicate that during times of sustained mean rainfall intensity exceeding

Figure 6. Contrasting groundwater (a, b) and stream (c) responses across
sites with different depths to fresh bedrock, Zb (blue = Coastal Belt;
red = Central Belt) to similar precipitation input (d) in 2016. (a) Long dry
season recession of groundwater at ridge after last winter rains to contrast-
ing depths. (b) Expanded time series from (a) shows response of ground-
water to first rains of wet season. Groundwater in Coastal Belt does not
respond until ~700 mm of cumulative precipitation, whereas groundwater
in Well 507 rises rapidly to ground surface in first major winter storm,
indicating complete saturation of CZ in Central Belt, driving flashy runoff in
Dry Creek (c). Variable maximum runoff in Dry Creek with saturated CZ
indicates importance of saturation overland flow. Elder Creek response is
muted in comparison, with longer recession.
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Figure 3.9: Contrasting groundwater (a, b) and stream (c) responses across sites with dif-
ferent depths to fresh bedrock, Z b (blue = Coastal Belt; red = Central Belt) to similar
precipitation input (d) in 2016. (a) Long dry season recession of groundwater at ridge after
last winter rains to contrasting depths. (b) Expanded time series from (a) shows response
of groundwater to first rains of wet season. Groundwater in Coastal Belt does not respond
until ∼700 mm of cumulative precipitation, whereas groundwater in Well 507 rises rapidly
to ground surface in first major winter storm, indicating complete saturation of CZ in Cen-
tral Belt, driving flashy runoff in Dry Creek (c). Variable maximum runoff in Dry Creek
with saturated CZ indicates importance of saturation overland flow. Elder Creek response
is muted in comparison, with longer recession.
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~1 cm/hr, which occurs in many winter storms, saturation overland flow
extends to ridgetops across the landscape (see photo in Figure 3d).

In the spring, the seasonally dynamic groundwater levels rapidly decline
(supporting information Figure S3). Rapid exhaustion of this shallow sto-
rage leads to a lack of baseflow in adjacent streams and a dry channel net-
work in the appropriately named Dry Creek watershed. By 1 August, the
water table in the ridgetop Well 507 in the Central Belt mélange has low-
ered to the fresh bedrock boundary, Zb, and remains essentially static for
the rest of the dry season (Figure 6a), indicative of very low saturated con-
ductivity. The underlying saturated fresh bedrock does not drain signifi-
cantly on a seasonal timescale and thus does not contribute
measureable flow to channels. The dissolved oxygen content was indistin-
guishable from 0% throughout the groundwater column in Well 507
(except for near the water table surface, which exhibited higher oxygen
concentrations) for measurement dates in the 2017 water year (supporting
information Figure S4).

SEM imagery of a fresh, deep sample obtained via drilling reveals a het-
erogeneous fabric of sand‐size metamorphic rock fragments, set in a
finer‐grained matrix composed of <60‐μm fine particles that are angular
and very poorly sorted (Figure 9). These fine particles are themselves situ-
ated within a matrix‐supported felted mass of phyllosilicates (likely chlor-
ite) and lack obvious cleavage and foliation at this scale. Interparticle
pores (i.e., framework pores) range in size from 10–20 nm, and larger par-
ticles may show intraparticle pores in the 10‐ to 100‐nm size range. Due to
its low intrinsic porosity, the low‐viscosity epoxy resin that was used to
stabilize the sample did not penetrate into the sample. Collectively, these
observations and the reduced color (blue/gray) reveal the fresh mélange
matrix to have very little porosity, likely extremely low saturated conduc-
tivity, and minimal groundwater flux—consistent with persistent satura-
tion and low runoff, despite a relatively large hydraulic gradient (20%
slope) from ridgetop to channel.

Subsurface heterogeneity results in contrasting hydrologic dynamics over relatively short spatial scales. For
example, in the group of three deep wells near the weather station (500, 501, and 502; supporting informa-
tion Figure S2), which are each ~2m horizontally from each other and at similar ground surface elevations, a
more‐than‐7‐m vertical water table difference is maintained throughout the dry season (supporting informa-
tion Figure S3) in these adjacent wells. The depth to the perennially saturated zone is 2 to 3 m below the
ground surface in wells drilled to 6‐ to 8‐m depth, and 9 to 10 m (Well 501) below the ground surface in a
well drilled to 15‐m depth. During drilling, we encountered repeated contrasts between soft mélange matrix
and hard blocks in this area, suggesting a chaotic subsurface block‐in‐matrix fabric with extremely low
hydraulic conductivity (likely on the order of 10−10 cm/s, based on the lack of drainage between wells over
the summer). In a sandstone block on the same ridgeline (Well 503; supporting information Figure S2),
groundwater behaves in a manner more similar to the Coastal Belt, staying >5 m below the ground surface
throughout the wet season and slowly receding throughout the summer (supporting information Figure S3).

4.2.3. Subsurface Structure and Catchment‐Wide Seasonal Dynamic Water Storage

Similar to storage in the Elder Creek watershed, Dry Creek storage responds to early rainfall events and exhi-
bits rapid dynamic storage increases as the first rains of the wet season infiltrate into the subsurface
(Figure 7). However, after 250 mm of rain, storage (S) continues to increase at Elder Creek, whereas subse-
quent rain at Dry Creek produces only minor, transient increases in storage. Rain inputs rapidly trigger run-
off in Dry Creek. As a result, the precipitation (∑P) and runoff (∑Q) curves are coupled (i.e., parallel). The
total magnitude of maximum dynamic water storage at Dry Creek is approximately four times lower than
Elder Creek, consistent with the differences inferred from the hillslope‐scale groundwater and rockmoisture
storage dynamics. At its peak, the dynamic water storage at Dry Creek primarily occurs as groundwater (the

Figure 7. Cumulative precipitation (P), runoff (Q), potential evapotran-
spiration (PET), and inferred catchment‐wide dynamic storage (S) in the
2017 water year. The Dry Creekwatershed has a factor of approximately four
lower catchment‐wide dynamic storage than the Elder Creek watershed
and reaches a maximum storage sooner into the wet season, resulting in a
much higher runoff ratio.
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Figure 3.10: Cumulative precipitation (P ), runoff (Q), potential evapotranspiration (PET ),
and inferred catchment-wide dynamic storage (S) in the 2017 water year. The Dry Creek
watershed has a factor of approximately four lower catchment-wide dynamic storage than the
Elder Creek watershed and reaches a maximum storage sooner into the wet season, resulting
in a much higher runoff ratio.
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entire subsurface is saturated). The seasonally dynamic storage becomes negative at Dry Creek in March,
which is due to ∑PET overestimating actual evapotranspiration as the site becomes water limited.

4.3. Cross‐Site Comparison of Forest Density and Productivity

The >200‐km‐long ecotone that separates mixed broadleaf‐needleleaf evergreen forests (in the west) from
oak savanna‐woodland (in the east) in the Northern California Coast Ranges (Figure 1) generally coincides
with the mapped geologic contact separating the Coastal (in the west) and Central (in the east) Belts of the
Franciscan (geologic mapping by Jayko et al., 1989; Figure 2). This is consistent with our geologic surveys of
the area, independent airborne magnetic surveys (Langenheim et al., 2013), and topography, which indi-
cates a change from the steep‐sloped Coastal Belt to gently sloped Central Belt. Across the Elder Creek
watershed in the Coastal Belt, the tree canopy cover is 89, 93 ± 12% (mean, median ± 1 s.d.), compared to
21, 11 ± 19% in the Dry Creek watershed in the Central Belt. The larger variance in the Central Belt is
attributable to the mosaic of pure grassland and oak woodland, as well as distinct “islands” of mixed
broadleaf‐needleleaf evergreen forest that abruptly rise from “seas” of grassland and oak savanna. Our local
reconnaissance geologic mapping has revealed that these evergreen forest communities occupy large (up to
kilometers) blocks of sandstone within the Central Belt. Figure 10 shows one such island plant community
assemblage near themouth of Dry Creek, which has developed on amonolithologic block of lithic‐rich sand-
stone (greywacke), a block type that is common throughout the Central Belt, according to Ernst and
McLaughlin (2012), and also a significant constituent of the Coastal Belt. The average remotely sensed
and modeled annual net primary productivity between 1986 and 2017 is about twice as high in the
Coastal belt forests in the Elder Creek watershed (1.2 ± 0.064 kg C/m2; mean ± 1 s.d.) than in the Central
Belt mélange savanna‐woodland in the Dry Creek watershed (0.6 ± 0.037 kg C/m2).

4.4. Alternative Possible Drivers of Vegetation Patterns

Disturbance, in the form of anthropogenic landscape modification and fire, does not appear to control the
distribution of the plant communities. Long‐standing fence lines do not coincide with ecotones at our
Central Belt site, indicating that preferential grazing does not give rise to the forest and grassland

Figure 8. Depth profiles of XRD‐determinedmineral phases. Horizontal dashed lines indicate drilling‐inferred transition to fresh bedrock (Zb) at each borehole (14,
blue, Coastal Belt; 506, red, Central Belt). Illite and smectite were separately estimated and not included in the normalization, resulting in some sums exceeding
100% (see section 3). Their concentrations are presented as likely ranges, as denoted by the horizontal lines.

10.1029/2018WR023760Water Resources Research

HAHM ET AL. 16

Figure 3.11: Depth profiles of XRD-determined mineral phases. Horizontal dashed lines
indicate drilling-inferred transition to fresh bedrock (Z b) at each borehole (14, blue, Coastal
Belt; 506, red, Central Belt). Illite and smectite were separately estimated and not in-
cluded in the normalization, resulting in some sums exceeding 100% (see section 3.4). Their
concentrations are presented as likely ranges, as denoted by the horizontal lines.

the Coastal Belt). Two samples from Sagehorn (at 1.8–2.1 and 4.0–4.3 m in W506) also
exhibited X-ray diffraction patterns consistent with the presence of regularly interstratified
(R1) chlorite/smectite, which was not identified in the Rivendell samples. Determining
the exact concentration of interstratified chlorite/smectite at Sagehorn is difficult and is
not shown in Figure 3.11; however, it may be between 10% and 20%. Smectite is present
throughout the Rivendell profile (in the Coastal Belt) but only appears in the soil at Sagehorn
(in the Central Belt).

Subsurface structure, runoff pathways, and water storage.—Most rain falls directly on
low (<20 cm tall) herbaceous ground cover. The soil has a wide distribution of macropores
from roots, insects, and burrowing mammals that promote near-surface infiltration and (upon
saturation) exfiltration. At the end of the dry season, the seasonally dynamic groundwater is
absent: Only residual and essentially stagnant groundwater in the underlying fresh mélange
remains at depths greater than 2 to 4 m below the surface (Figure 3.7). The first major winter
storm increases the soil and rock moisture. Further rain leads to groundwater developing in
the weathered bedrock zone above the fresh, perennially saturated mélange. Groundwater
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tables in mélange-dominated wells respond after as little as 50 mm of cumulative precipitation
and rise to within 20 cm of the ground surface after only ∼100 to 200 mm, effectively
saturating the CZ due to the presence of a capillary fringe, implying a dynamic porosity of
only ∼5% to 10% in the subsurface critical zone.

In contrast to the Coastal Belt, where groundwater remains >10 m below the ground
surface at the topographic divide throughout the winter, in the Central Belt the groundwa-
ter table frequently reaches the surface during rainfall events (see Figure 3.9, for detailed
dynamics of Well 507 and Figure 3.8 for time series of all wells at the site). Stream runoff
is generated by subsurface storm flow and saturation overland flow, which quickly deliver
water to channels from adjacent hillslopes (Figures 3.3c and 3.7). Field observations indicate
that during times of sustained mean rainfall intensity exceeding ∼1 cm/hr, which occurs in
many winter storms, saturation overland flow extends to ridgetops across the landscape (see
photo in Figure 3.3d).

In the spring, the seasonally dynamic groundwater levels rapidly decline (Figure 3.8).
Rapid exhaustion of this shallow storage leads to a lack of baseflow in adjacent streams and
a dry channel network in the appropriately named Dry Creek watershed. By 1 August, the
water table in the ridgetop Well 507 in the Central Belt mélange has lowered to the fresh
bedrock boundary, Z b, and remains essentially static for the rest of the dry season (Figure
3.9a), indicative of very low saturated conductivity. The underlying saturated fresh bedrock
does not drain significantly on a seasonal timescale and thus does not contribute measureable
flow to channels. The dissolved oxygen content was indistinguishable from 0% throughout
the groundwater column in Well 507 (except for near the water table surface, which exhibited
higher oxygen concentrations) for measurement dates in the 2017 water year (Figure 3.12).

SEM imagery of a fresh, deep sample obtained via drilling reveals a heterogeneous fabric
of sand-size metamorphic rock fragments, set in a finer-grained matrix composed of <60-μm
fine particles that are angular and very poorly sorted (Figure 3.13). These fine particles are
themselves situated within a matrix-supported felted mass of phyllosilicates (likely chlorite)
and lack obvious cleavage and foliation at this scale. Interparticle pores (i.e., framework
pores) range in size from 10–20 nm, and larger particles may show intraparticle pores in
the 10- to 100-nm size range. Due to its low intrinsic porosity, the low-viscosity epoxy resin
that was used to stabilize the sample did not penetrate into the sample. Collectively, these
observations and the reduced color (blue/gray) reveal the fresh mélange matrix to have very
little porosity, likely extremely low saturated conductivity, and minimal groundwater flux—
consistent with persistent saturation and low runoff, despite a relatively large hydraulic
gradient (20% slope) from ridgetop to channel.

Subsurface heterogeneity results in contrasting hydrologic dynamics over relatively short
spatial scales. For example, in the group of three deep wells near the weather station (500,
501, and 502; Figure 3.6), which are each ∼2 m horizontally from each other and at similar
ground surface elevations, a more-than-7-m vertical water table difference is maintained
throughout the dry season (Figure 3.8) in these adjacent wells. The depth to the perennially
saturated zone is 2 to 3 m below the ground surface in wells drilled to 6- to 8-m depth, and 9
to 10 m (Well 501) below the ground surface in a well drilled to 15-m depth. During drilling,
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Figure 3.12: Depth-profiles of dissolved oxygen within groundwater in the Central Belt
mélange in the 2017 water year. Measurements were made from the top of the groundwater
table downward, in continuously slotted boreholes.



CHAPTER 3. CRITICAL ZONE WATER STORAGE CAPACITY CONTROLS PLANT
DISTRIBUTION 77

Figure 3.13: Scanning electron microscope images taken at increasing levels of magnification
of fresh mélange matrix. The uppermost image (a, low magnification), shows scattered
larger (sand size) particles (mineral and rock fragments) that are suspended in a fine-grained
matrix. At intermediate magnification (b), we see larger silt-size particles (also mineral and
rock fragments) in a finer matrix. The larger particles may show intraparticle pores (yellow
arrow). At highest magnification (c), the intraparticle matrix resolves as a felted mass
of phyllosilicates (likely chlorite). This phyllosilicate matrix has some intrinsic porosity
(interparticle framework pores, yellow arrow), but pores are small (∼10–20 nm) and not
abundant, and thus permeability is low. Larger open spaces between phyllosilicate matrix
and mineral grains are not pores but rather artifacts of sample preparation (beam heating
causes shrinkage of phyllosilicate matrix).

we encountered repeated contrasts between soft mélange matrix and hard blocks in this
area, suggesting a chaotic subsurface block-in-matrix fabric with extremely low hydraulic
conductivity (likely on the order of 10−10 cm/s, based on the lack of drainage between
wells over the summer). In a sandstone block on the same ridgeline (Well 503; Figure 3.6),
groundwater behaves in a manner more similar to the Coastal Belt, staying >5 m below
the ground surface throughout the wet season and slowly receding throughout the summer
(Figure 3.8).

Subsurface structure and catchment-wide seasonal dynamic water storage.—Similar to
storage in the Elder Creek watershed, Dry Creek storage responds to early rainfall events
and exhibits rapid dynamic storage increases as the first rains of the wet season infiltrate
into the subsurface (Figure 3.10). However, after 250 mm of rain, storage (S) continues to
increase at Elder Creek, whereas subsequent rain at Dry Creek produces only minor, transient
increases in storage. Rain inputs rapidly trigger runoff in Dry Creek. As a result, the
precipitation (ΣP ) and runoff (ΣQ) curves are coupled (i.e., parallel). The total magnitude
of maximum dynamic water storage at Dry Creek is approximately four times lower than
Elder Creek, consistent with the differences inferred from the hillslope-scale groundwater
and rock moisture storage dynamics. At its peak, the dynamic water storage at Dry Creek
primarily occurs as groundwater (the entire subsurface is saturated). The seasonally dynamic
storage becomes negative at Dry Creek in March, which is due to ΣPET overestimating actual
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evapotranspiration as the site becomes water limited.

Cross-site comparison of forest density and productivity

The >200-km-long ecotone that separates mixed broadleaf-needleleaf evergreen forests (in
the west) from oak savanna-woodland (in the east) in the Northern California Coast Ranges
(Figure 3.1) generally coincides with the mapped geologic contact separating the Coastal
(in the west) and Central (in the east) Belts of the Franciscan (geologic mapping by Jayko
et al., 1989; Figure 3.2). This is consistent with our geologic surveys of the area, independent
airborne magnetic surveys [Langenheim et al., 2013], and topography, which indicates a
change from the steep-sloped Coastal Belt to gently sloped Central Belt. Across the Elder
Creek watershed in the Coastal Belt, the tree canopy cover is 89, 93 ± 12% (mean, median
± 1 s.d.), compared to 21, 11 ± 19% in the Dry Creek watershed in the Central Belt. The
average remotely sensed and modeled annual net primary productivity between 1986 and
2017 is about twice as high in the Coastal belt forests in the Elder Creek watershed (1.2 ±
0.064 kg C/m2; mean ± 1 s.d.) than in the Central Belt mélange savanna-woodland in the
Dry Creek watershed (0.6 ± 0.037 kg C/m2).

The larger variance in the Central Belt is attributable to the mosaic of pure grassland and
oak woodland, as well as distinct ‘islands’ of mixed broadleaf-needleleaf evergreen forest that
abruptly rise from ‘seas’ of grassland and oak savanna. Our local reconnaissance geologic
mapping has revealed that these evergreen forest communities occupy large (up to kilome-
ters) blocks of sandstone within the Central Belt. Figure 3.14 shows one such island plant
community assemblage near the mouth of Dry Creek, which has developed on a monolitho-
logic block of lithic-rich sandstone (greywacke), a block type that is common throughout the
Central Belt, according to Ernst and McLaughlin [2012], and also a significant constituent
of the Coastal Belt. The intrinsic heterogeneity of the Central Belt mélange results in blocks
of varying lithology and size being scattered across the landscape. These blocks, when com-
posed of sandstone that is similar to the Coastal belt, are potentially capable of storing 100s
of mm of seasonal plant-available water. It is difficult to determine the minimum size of
these blocks necessary to support forests like those in the Coastal Belt, due in part to the
difficulty in constraining the thickness and areal extent of the blocks and factors like seed
dispersal limitation to isolated blocks. However, we have identified within the mélange (via
on-the-ground mapping) dense Douglas fir and madrone stands inhabiting monolithologic
greywacke blocks just ∼100 m across (these blocks are visible as dense forested stands in the
air-photo imagery of Figure 3.6 and Figure 3.15). More focused mapping (ideally supported
by more groundwater monitoring wells) may reveal smaller block sizes than this that support
Coastal Belt-like forests in the Central Belt.

Alternative possible drivers of vegetation patterns

Disturbance, in the form of anthropogenic landscape modification and fire, does not appear to
control the distribution of the plant communities. Long-standing fence lines do not coincide
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et al., 2018; Johnson, 1979), and drier vegetation on south‐facing slopes
may have burned more readily, also potentially explaining the aspect‐
related canopy cover differences.
4.4.1. Plant Ecosystem Function in Relation to Energy and
Water Availability
Composite annual time series of the EVI highlight contrasting phenologi-
cal patterns in the Central and Coastal Belts in response to similar climatic
forcing (Figure 11). Radiation is approximately 5 times higher in the sum-
mer than the winter, due to the effects of longer days, higher solar angle of
incidence, and lower cloud cover. In the Central Belt mélange, peak EVI
occurs in early May, approximately 45 days before the summer solstice
and peak incoming solar radiation. This typically coincides with the last
significant wet season precipitation event. The subsequent summer
decline in EVI is consistent with senescence of annual grasses and dor-
mancy in perennial grasses, both of which also respond rapidly to the first
winter rains in early October. The interannual variation in EVI (1 s.d. ver-
tical bars in Figure 11) in the Central Belt is highest in the spring and fall,
indicating sensitivity to high interannual variation in late and early wet
season precipitation (Figure 11a). In contrast, at the Coastal Belt site,
EVI peaks with the summer solstice and closely tracks incoming solar
radiation throughout the year, reaching aminimum during the winter sol-
stice (Figure 11). Unlike the Central Belt, the interannual variation is rela-
tively constant throughout the year in the Coastal Belt.

The sustained evergreen transpiration within the Elder Creek watershed
(Coastal Belt) results in an evaporative fraction (ET/P) that is consistently
larger than the Dry Creek watershed (Central Belt) for similar values of
aridity (PET/P; Figure 12a). The corresponding distributions of water year
total P, ET, and PET (Figure 12b) across multiple years (2002–2015) reveal
that despite high annual variations in P, ET is relatively constant from
year to year at both sites, in general agreement with the similar annual
phenological patterns in Figure 11.

4.4.2. End of Summer Subsurface Water Availability
Predawn water potential in Douglas fir, live oak, madrone, and tan oak in upslope positions in the Coastal
Belt in mid‐September, 2017, was −1.60 ± 0.08 MPa; n = 22 (mean ± s.e.m.; n = number of trees), nearly
1 MPa higher than the Oregon white oak in the Central Belt (−2.46 ± 0.31 MPa; n = 6; data for each indivi-
dual tree are provided in the accompanying data set). This indicates that root zone water availability is much
lower in the Central Belt than in the Coastal Belt. Hence, in spite of the much higher canopy density in the
Coastal Belt than the Central Belt—and associated high transpiration demand—water potentials are higher
in the Coastal Belt than the Central Belt, consistent with a higher amount of subsurface plant available water
in the Coastal Belt.

5. Discussion

We found that two compositionally similar lithologies produce radically different subsurface critical zone
thickness, water storage capacity, and, consequently, plant‐available summer water availability. Here we
discuss how these differences control plant assemblages and the partitioning of water between ET and run-
off. We also explore possible mechanisms leading to thin versus thick subsurface critical zones in the two
rock types.

5.1. Lithologic Controls on Plant Communities: Why a Savanna OccursWhere It Rains Nearly 2m
per Year

Climate monitoring indicates that the two sites receive similar rainfall, yet the Coastal belt supports an ever-
green forest that is twice as productive as the annual grassland savanna found in the Central Belt. Climatic
conditions are expected to favor temperate forests (Figure 4). Due to the deeper critical zone, hillslopes in the

Figure 10. Perspective view near the mouth of Dry Creek at the Central Belt
site. Red line denotes contact between sandstone block (covered with mixed
broadleaf‐needleleaf evergreen forest) and mélange matrix (with primarily
annual herbaceous ground cover) from reconnaissance geologic mapping.
Scale varies in this west‐looking view; sandstone block is ~750 m across in
W‐E direction. Google Earth imagery date 30 May 2014, eye‐altitude 1.5 km,
1.5× vertical exaggeration.
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Figure 3.14: Perspective view near the mouth of Dry Creek at the Central Belt site. Red
line denotes contact between sandstone block (covered with mixed broadleaf-needleleaf ev-
ergreen forest) and mélange matrix (with primarily annual herbaceous ground cover) from
reconnaissance geologic mapping. Scale varies in this west-looking view; sandstone block is
∼750 m across in W–E direction. Google Earth imagery date 30 May 2014, eye-altitude 1.5
km, 1.5× vertical exaggeration.
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with ecotones at our Central Belt site, indicating that preferential grazing does not give rise
to the forest and grassland transitions. Native Americans practiced a fire management regime
that included high-frequency, low-intensity burning to enhance acorn production, improve
hunting grounds, and promote desired cultivars for millennia in the area [Johnson, 1979;
Lightfoot and Parrish, 2009; Mensing, 2006]. However, the response of vegetation on each
side of the geologic contact to disturbances like logging and fire indicates that the distribution
of plants does not primarily reflect successional stages. Landsat surveillance shows repeated
and widespread clearcutting across Mendocino County, CA, within the Coastal Belt forests
around the Angelo Coast Range Reserve over the past three decades. The movie S1 available
online accompanying Hahm et al. [2019b] shows that after a parcel is cut, forest canopy
begins to return within years and does not revert to grassland. The 12,536-acre 2014 Lodge
Lightning Complex fire that burned just north of Elder Creek (Coastal Belt) is also visible
in the last frame of the Landsat video, and our on-the-ground post-fire recovery observations
do not indicate a transition from forest to grassland. The extent of the herbaceous ground
cover of the Central Belt has remained essentially static throughout the duration of the
Landsat program, and historical air imagery dating from 1941 (Figure 3.15) also shows that
ecosystem boundaries have remained largely unchanged, in spite of selective logging and a
large fire that occurred at Sagehorn (in the Central Belt) in 1950 (the aftermath of which
can be seen in the 1952 air photo in Figure 3.15b). The air imagery indicates that although
forest abundance was higher across the Central Belt site prior to logging and fire, the spatial
arrangement of forests do not appear to have shifted (cf. Figures 3.15a and 3.15c).

The bulk elemental chemistry of fresh rock samples from the two sites is broadly similar
and consistent with typical compositions of fine-grained siliciclastic rock (Table 3.4). The
Central Belt mélange tends to have higher Mg compared to the Coastal Belt, in agreement
with the difference between the average compositions of shale and metamorphosed shale
(Gromet et al., 1984; Table 3.4). Neither site has exceedingly high concentrations of el-
ements associated with ultramafic toxicity [Kruckeberg, 2004], although the mélange does
have higher Ni concentrations (∼200 ppm) than the Coastal Belt (∼60 ppm). Both sites
have relatively abundant concentrations of the plant-limiting rock-derived nutrient phospho-
rus (>0.2 weight % P2O5; compare with concentrations of <0.05 weight % inferred to be
limiting in Hahm et al., 2014). We therefore rule out the possibility that the sharp ecotones
arise from historical land use, fire disturbance, or parent material geochemical composition.

After lithology, the second strongest apparent control on plant community distribution is
hillslope aspect. At both sites, tree canopy cover is denser on north-facing (poleward) slopes.
Within the Dry Creek watershed in the Central Belt, northfacing (315◦ to 45◦ azimuth) tree
canopy cover is 25.9 ± 20.5% (mean± 1 s.d.) and south facing (135◦ to 225◦) is 12.6 ± 13.0%.
Within the Elder Creek watershed in the Coastal Belt north-facing canopy cover is 92.9 ±
5.9% and south-facing canopy cover is 81.3 ± 19.4%. Poleward facing slopes are typically
associated with lower solar radiation and evaporative demand, which lead to higher water
availability. This could suggest that the higher tree canopy cover on north-facing slopes at
both sites indicates that vegetation is more water limited than energy limited. However, fires
were common at both sites [Hahm et al., 2018; Johnson, 1979], and drier vegetation on south-
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Figure 3.15: Time series of air photos of the Central Belt mélange site (groundwater mon-
itoring wells are distributed along WSW–ENE running road in SE portion of photo; Dry
Creek runs approximately NE from ‘459500’ to ‘4380000’ m UTM grid zone marks). The
boundary between forest and grassland has remained essentially fixed in space for more than
seven decades. The 1952 image shows the large reduction in woody canopy cover in after-
math of selective logging of P. menziesii and a large fire. Forested areas have regrown in the
same locations, which coincide with the location of large sandstone blocks or north-facing
hillslopes. The photo name is provided below the date each photo was taken; 1941 and 1952
photos provided by the Map and Imagery Laboratory at UC Santa Barbara; 2012 image
from the USDA National Agriculture Imagery Program.
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Table 3.4: Fresh rock bulk geochemistry

Coastal Belt
(n = 12)

Central Belt
(n = 4)

North American
shale compositea

Metamorphosed
shale compositea

mean s.d. mean s.d. mean mean
SiO2 62.69 2.78 62.75 1.81 64.82 60.48
TiO2 0.84 0.07 0.78 0.11 0.80 0.91
Al2O3 18.89 1.31 15.48 1.18 17.05 16.58
FeO 7.24 0.83 6.95 0.29 5.70 8.10
MnO 0.12 0.03 0.12 0.01 0.25 0.13
MgO 3.00 0.29 6.85 1.56 2.83 6.35
CaO 2.19 0.69 2.46 0.72 3.51 2.31
Na2O 2.41 0.60 2.38 0.84 1.13 1.80
K2O 2.40 0.44 2.03 0.24 3.97 3.17
P2O5 0.22 0.03 0.21 0.03 0.15 0.17

Notes: Weight percent, normalized to 100%. aGromet et al. [1984].

facing slopes may have burned more readily, also potentially explaining the aspect-related
canopy cover differences.

Plant ecosystem function in relation to energy and water availability.—Composite annual
time series of the EVI highlight contrasting phenological patterns in the Central and Coastal
Belts in response to similar climatic forcing (Figure 3.16). Radiation is approximately 5
times higher in the summer than the winter, due to the effects of longer days, higher solar
angle of incidence, and lower cloud cover. In the Central Belt mélange, peak EVI occurs
in early May, approximately 45 days before the summer solstice and peak incoming solar
radiation. This typically coincides with the last significant wet season precipitation event.
The subsequent summer decline in EVI is consistent with senescence of annual grasses and
dormancy in perennial grasses, both of which also respond rapidly to the first winter rains
in early October. The interannual variation in EVI (1 s.d. vertical bars in Figure 3.16) in
the Central Belt is highest in the spring and fall, indicating sensitivity to high interannual
variation in late and early wet season precipitation (Figure 3.16a). In contrast, at the Coastal
Belt site, EVI peaks with the summer solstice and closely tracks incoming solar radiation
throughout the year, reaching a minimum during the winter solstice (Figure 3.16). Unlike
the Central Belt, the interannual variation is relatively constant throughout the year in the
Coastal Belt.

The sustained evergreen transpiration within the Elder Creek watershed (Coastal Belt)
results in an evaporative fraction (ET /P) that is consistently larger than the Dry Creek
watershed (Central Belt) for similar values of aridity (PET /P ; Figure 3.17a). The corre-
sponding distributions of water year total P , ET, and PET (Figure 3.17b) across multiple
years (2002–2015) reveal that despite high annual variations in P , ET is relatively constant
from year to year at both sites, in general agreement with the similar annual phenological
patterns in Figure 3.16.
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Coastal Belt store much more precipitation as plant‐available rock moist-
ure than the Central Belt (Figure 7), resulting in greater summer water
availability and higher predawn water potential. At both sites, augering
and drilling observations of roots, as well as repeat neutron probe mea-
surements (Hahm, Rempe, et al., 2017; Rempe & Dietrich, 2018), indicate
that plants use soil and rock moisture. Sap flow rates in Oregon white oak
in the Central Belt remain high throughout the summer dry season,
declining to only 70–90% of their maximum with shorter day lengths in
the autumn (Hahm et al., 2018). In the Coastal Belt, madrone—and to a
lesser degree live oak—similarly transpire at high rates in September,
whereas Douglas fir exhibits greater decline during the summer (Link
et al., 2014). The continued transpiration results in progressive depletion
of subsurface moisture storage and associated declines in water potential
throughout the summer. The distinct predawn water potentials between
the sites presumably reflect differences in both subsurface plant‐available
water as well as the ability of each plant community to draw down that
water: The oaks that inhabit the mélange are able to pull harder, explain-
ing their ability to persist in the water‐limited subsurface critical zone of
the Central Belt.

The low storage capacity at the Central Belt arises due to the relatively
shallow depth of weathering, indicated by perennially saturated, fresh
mélange matrix just a few meters from the ground surface. The shallow
weathering in the Central Belt mélange results in a critical zone that
quickly saturates and sheds most winter rainfall, and then becomes very
dry in the summer, supporting only annual grasses that die in shortly after
the wet season and scattered oaks that can continue to draw down moist-
ure at extremely low water potentials.

A second factor that likely limits the establishment of forests at Sagehorn is the complete saturation of the
Central Belt's thin subsurface CZ with each major winter storm event (Figure 6). This results in an upland
landscape that is effectively flooded for almost half of the year (Figure 6). Saturation promotes an anoxic rhi-
zosphere, due to the consumption of oxygen in respiration and the much lower diffusion coefficient of oxy-
gen in liquid water relative to air (Armstrong, 1980), as observed in the winter groundwater of Well 507 at

Figure 12. Energy and water balances of each site depicted within the traditional Budyko framework indicate that the
Elder Creek catchment partitions more incoming precipitation into evapotranspiration (ET; remotely sensed, and
including interception losses; see Ryu et al., 2011) than Dry Creek, in spite of similar P and potential evapotranspiration
(PET) between the sites. Each point (a) and horizontal line (b) represent a single water year, from 2002–2015. Lines fit (and
reported parameter n) according to equation described in Yang et al. (2008).

Figure 11. Composite annual time series of (a) energy (radiation measured
at Angelo in the Coastal Belt) and water delivery reveal that in spite of
similar climate, distinct subsurface CZ water storage capacity, and plant
water availability result in distinct annual phenological trends, as shown via
the enhanced vegetation index (EVI; b) fromMODIS within the Elder Creek
(Coastal Belt) and Dry Creek (Central Belt) watersheds. Vertical
bars = 1 standard deviation.
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Figure 3.16: Composite annual time series of (a) energy (radiation measured at Angelo in the
Coastal Belt) and water delivery reveal that in spite of similar climate, distinct subsurface
CZ water storage capacity, and plant water availability result in distinct annual phenological
trends, as shown via the enhanced vegetation index (EVI; b) from MODIS within the Elder
Creek (Coastal Belt) and Dry Creek (Central Belt) watersheds. Vertical bars = 1 standard
deviation.
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Coastal Belt store much more precipitation as plant‐available rock moist-
ure than the Central Belt (Figure 7), resulting in greater summer water
availability and higher predawn water potential. At both sites, augering
and drilling observations of roots, as well as repeat neutron probe mea-
surements (Hahm, Rempe, et al., 2017; Rempe & Dietrich, 2018), indicate
that plants use soil and rock moisture. Sap flow rates in Oregon white oak
in the Central Belt remain high throughout the summer dry season,
declining to only 70–90% of their maximum with shorter day lengths in
the autumn (Hahm et al., 2018). In the Coastal Belt, madrone—and to a
lesser degree live oak—similarly transpire at high rates in September,
whereas Douglas fir exhibits greater decline during the summer (Link
et al., 2014). The continued transpiration results in progressive depletion
of subsurface moisture storage and associated declines in water potential
throughout the summer. The distinct predawn water potentials between
the sites presumably reflect differences in both subsurface plant‐available
water as well as the ability of each plant community to draw down that
water: The oaks that inhabit the mélange are able to pull harder, explain-
ing their ability to persist in the water‐limited subsurface critical zone of
the Central Belt.

The low storage capacity at the Central Belt arises due to the relatively
shallow depth of weathering, indicated by perennially saturated, fresh
mélange matrix just a few meters from the ground surface. The shallow
weathering in the Central Belt mélange results in a critical zone that
quickly saturates and sheds most winter rainfall, and then becomes very
dry in the summer, supporting only annual grasses that die in shortly after
the wet season and scattered oaks that can continue to draw down moist-
ure at extremely low water potentials.

A second factor that likely limits the establishment of forests at Sagehorn is the complete saturation of the
Central Belt's thin subsurface CZ with each major winter storm event (Figure 6). This results in an upland
landscape that is effectively flooded for almost half of the year (Figure 6). Saturation promotes an anoxic rhi-
zosphere, due to the consumption of oxygen in respiration and the much lower diffusion coefficient of oxy-
gen in liquid water relative to air (Armstrong, 1980), as observed in the winter groundwater of Well 507 at

Figure 12. Energy and water balances of each site depicted within the traditional Budyko framework indicate that the
Elder Creek catchment partitions more incoming precipitation into evapotranspiration (ET; remotely sensed, and
including interception losses; see Ryu et al., 2011) than Dry Creek, in spite of similar P and potential evapotranspiration
(PET) between the sites. Each point (a) and horizontal line (b) represent a single water year, from 2002–2015. Lines fit (and
reported parameter n) according to equation described in Yang et al. (2008).

Figure 11. Composite annual time series of (a) energy (radiation measured
at Angelo in the Coastal Belt) and water delivery reveal that in spite of
similar climate, distinct subsurface CZ water storage capacity, and plant
water availability result in distinct annual phenological trends, as shown via
the enhanced vegetation index (EVI; b) fromMODIS within the Elder Creek
(Coastal Belt) and Dry Creek (Central Belt) watersheds. Vertical
bars = 1 standard deviation.
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Figure 3.17: Energy and water balances of each site depicted within the traditional Budyko
framework indicate that the Elder Creek catchment partitions more incoming precipitation
into evapotranspiration (ET ; remotely sensed, and including interception losses; see Ryu
et al., 2011) than Dry Creek, in spite of similar P and potential evapotranspiration (PET )
between the sites. Each point (a) and horizontal line (b) represent a single water year, from
2002–2015. Lines fit (and reported parameter n) according to equation described in Yang
et al. [2008].

End-of-summer subsurface water availability.—Predawn water potential in Douglas fir,
live oak, madrone, and tan oak in upslope positions in the Coastal Belt in mid-September,
2017, was −1.60 ± 0.08 MPa; n = 22 (mean ± s.e.m.; n = number of trees), nearly 1 MPa
higher than the Oregon white oak in the Central Belt (2.46 ± 0.31 MPa; n = 6; data for
each individual tree are provided in the accompanying data set). This indicates that root
zone water availability is much lower in the Central Belt than in the Coastal Belt. Hence,
in spite of the much higher canopy density in the Coastal Belt than the Central Belt—and
associated high transpiration demand—water potentials are higher in the Coastal Belt than
the Central Belt, consistent with a higher amount of subsurface plant available water in the
Coastal Belt.
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3.6 Discussion

We found that two compositionally similar lithologies produce radically different subsurface
critical zone thickness, water storage capacity, and, consequently, plant-available summer
water availability. Here we discuss how these differences control plant assemblages and the
partitioning of water between ET and runoff. We also explore possible mechanisms leading
to thin versus thick subsurface critical zones in the two rock types.

Lithologic controls on plant communities: why a savanna occurs
where it rains nearly 2 m per year

Climate monitoring indicates that the two sites receive similar rainfall, yet the Coastal belt
supports an evergreen forest that is twice as productive as the annual grassland savanna
found in the Central Belt. Climatic conditions are expected to favor temperate forests
(Figure 3.4). Due to the deeper critical zone, hillslopes in the Coastal Belt store much
more precipitation as plant-available rock moisture than the Central Belt (Figure 3.10),
resulting in greater summer water availability and higher predawn water potential. At
both sites, augering and drilling observations of roots, as well as repeat neutron probe
measurements [Hahm et al., 2017c; Rempe and Dietrich, 2018], indicate that plants use
soil and rock moisture. Sap flow rates in Oregon white oak in the Central Belt remain
high throughout the summer dry season, declining to only 70–90% of their maximum with
shorter day lengths in the autumn [Hahm et al., 2018]. In the Coastal Belt, madrone—
and to a lesser degree live oak—similarly transpire at high rates in September, whereas
Douglas fir exhibits greater decline during the summer [Link et al., 2014]. The continued
transpiration results in progressive depletion of subsurface moisture storage and associated
declines in water potential throughout the summer. The distinct predawn water potentials
between the sites presumably reflect differences in both subsurface plant-available water as
well as the ability of each plant community to draw down that water: The oaks that inhabit
the mélange are able to pull harder, explaining their ability to persist in the water-limited
subsurface critical zone of the Central Belt.

The low storage capacity at the Central Belt arises due to the relatively shallow depth of
weathering, indicated by perennially saturated, fresh mélange matrix just a few meters from
the ground surface. The shallow weathering in the Central Belt mélange results in a critical
zone that quickly saturates and sheds most winter rainfall, and then becomes very dry in
the summer, supporting only annual grasses that die in shortly after the wet season and
scattered oaks that can continue to draw down moisture at extremely low water potentials.

A second factor that likely limits the establishment of forests at Sagehorn is the complete
saturation of the Central Belt’s thin subsurface CZ with each major winter storm event
(Figure 3.9). This results in an upland landscape that is effectively flooded for almost half of
the year (Figure 3.9). Saturation promotes an anoxic rhizosphere, due to the consumption
of oxygen in respiration and the much lower diffusion coefficient of oxygen in liquid water
relative to air [Armstrong, 1980], as observed in the winter groundwater of Well 507 at



CHAPTER 3. CRITICAL ZONE WATER STORAGE CAPACITY CONTROLS PLANT
DISTRIBUTION 86

Sagehorn in the Central Belt (Figure 3.12). P. menziesii seedlings (the widespread conifer
within Elder Creek in the Coastal Belt) respond negatively to even short periods (1 day) of
saturation [Minore, 1968; Zaerr, 1983]. This indicates that a recruitment bottleneck for P.
menziesii due to wet season saturation likely exists in the Central Belt mélange in addition
to low dry season water availability. The lack of conifers on poorly drained sheared mudstone
with clay-rich argillic horizons in the Franciscan complex was noted by Popenoe et al. [1992],
who also suggested that poor drainage would inhibit P. menziesii establishment.

Our observations suggest that vegetation inhabiting the Central Belt mélange must over-
come the challenge of a CZ that is both very dry (in summer) and very wet (in winter).
Species inhabiting this landscape need to be water limitation tolerant and flood tolerant or
winter dormant. The annual grass life history strategy is adapted to these conditions; our
observations also indicate that remaining native perennial bunchgrasses return year after
year in spite of winter water logging [Biswell, 1956; Burcham, 1957; Danielsen and Halvor-
son, 1991; Davy, 1902; Frenkel, 1977; Gordon et al., 1989; Gordon and Rice, 1993; Hibbs
and Yoder, 1993]. The dominant tree species inhabiting the mélange matrix, Q. garryana, is
also well suited to these conditions. It is winter deciduous, with a leaf-off period that closely
matches the sustained wet-season subsurface saturation [Hahm et al., 2018] and is known
to inhabit riparian areas elsewhere prone to saturation [Stein, 1990]. Q. garryana is also
extremely water limitation tolerant, capable of sustaining high rates of sap flow throughout
the summer even as predawn water potentials drop to −3 MPa in some individuals [Hahm
et al., 2018]. Sap flow is sustained via a low turgor loss point that dynamically adjusts to
keep stomata open and investment in an embolism-resistant xylem network [Hahm et al.,
2018]. These ecophysiological adaptations help to explain the abundance of Q. garryana
within the mélange.

How long have the distinct plant communities across the lithologic persisted? Although
there are many challenges in assessing Californias pre-historical vegetation patterns, par-
ticularly the distribution of grasslands and savannas [see, e.g., discussion in Frenkel, 1977;
Biswell, 1956], Burcham’s [1957] survey of early explorers’ accounts indicates that savannas
were widespread and interspersed with forest throughout Northwestern California, including
areas now mapped as part of the Central Belt mélange. These early accounts also indicate
that within the grasslands, there was a generally higher relative abundance of native peren-
nial bunchgrasses [Burcham, 1957; Davy, 1902]. More recently (in the past two centuries),
an added component of competition in the form of invasive annual grasses has played an
important role in oak ecosystems, negatively affecting the recruitment of the endemic Cali-
fornia oaks Q. douglasii and Q. lobata, which are closely related to the Q. garryana found
at Sagehorn and across the Central Belt [Danielsen and Halvorson, 1991; Gordon et al.,
1989; Gordon and Rice, 1993]. This occurs due to the tendency of the annual grasses to
rapidly extract water in the shallow upper soil, hindering oak seedling growth (mature oaks
fare better with annual grasses by extracting water from deeper within the CZ; for exam-
ple, mature Q. garryana can have much higher pre-dawn water potential than collocated
juveniles [Hibbs and Yoder, 1993]). The resulting increased water stress on seedlings is
exacerbated on south-facing slopes, where there is a higher atmospheric moisture demand
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due to increased radiative forcing. These effects may contribute to the relative dominance of
grasses on south-facing slopes at Sagehorn and the confinement of contiguous oak woodlands
to primarily north-facing slopes (e.g., Figure 3.14). This would also be consistent with the
much higher recruitment densities of juvenile Q. garryana on north-facing slopes at Sagehorn
[Hahm et al., 2017b].

An ecohydrologic framework for vegetation mosaics in
seasonally dry environments

The patchy, heterogeneous distribution of ecosystems within areas of similar climate in both
seasonally dry California and other Mediterranean climates globally has previously been
interpreted to arise due to aspect, nutrient availability [e.g., Hahm et al., 2014], the presence
of serpentine [e.g., Kruckeberg, 1985], or pyrodiversity [e.g., Bird et al., 2008; Martin and
Sapis, 1991; Trauernicht et al., 2015]. Pyrodiversity is defined as “landscape heterogeneity
and diverse biota that result from various stages of plant succession as those plants recolonize
burned areas” [Lightfoot and Parrish, 2009]. Instead of reflecting topographic controls on
energy supply, parent material toxins or nutrients, or fire-driven successional stages, we
suggest that the diversity in ecosystem function and composition within an area of similar
climate can also arise due to CZ-structure-mediated water storage capacity.

In a similar vein to our findings, previous studies have argued that lithologically controlled
bedrock permeability can be responsible for differences in seasonal water storage [e.g., Pfister
et al., 2017]. Ecohydrologic theory also suggests that differences in integrated porosity
throughout the subsurface should translate into distinct plant-available water regimes [e.g.,
Laio et al., 2001; Porporato et al., 2001]. In line with this idea, Fellows and Goulden [2016]
suggested that low summer plant water use in the high Sierra in glaciated areas may be due
to limited subsurface water storage capacity. Studies have also highlighted the importance of
soil water storage capacity in affecting water availability and partitioning [e.g., Heilman et al.,
2014; Smith et al., 2011], yet there is increasing recognition of the ecohydrological importance
and variability of the weathered bedrock below soils: Soils, in contrast to weathered bedrock,
vary in thickness over a much smaller range and are commonly thin (<0.5 m) across upland
landscapes [Amundson et al., 2015; Schwinning, 2010]. The difference in soil thickness—
and presumably also the associated soil moisture—between our two sites is minor and not
evidently responsible for the large differences in plant water availability. Instead, it is the
great difference in the extent and depth of weathering in the underlying bedrock that results
in the distinct plant communities.

Quantifying catchment-scale water storage—which we have found useful to scale between
the unit hillslope to larger spatial scales—is an active research area in hydrology [McDon-
nell et al., 2018; McNamara et al., 2011; Tetzlaff et al., 2011]. However, we are unaware
of studies that have paired these larger-scale catchment storage analyses with detailed sub-
surface investigation via boreholes to explain plant water availability and distribution. Our
study exploits a unit hillslope approach, wherein detailed documentation of critical zone
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hydrologic functions controlled by the degree and depth of bedrock weathering is used to
explain regionally extensive (>100 km) contrasts in plant community distributions that co-
vary with lithology. There are limits to the unit hillslope approach, to the extent that the
site chosen for intensive study may not be an ideal representation of the larger landscape.
However, given the current lack of methodologies to document the extent of the weathered
zone and intra-hillslope hydrologic processes at large spatial scales, we suggest that study of
a topographically and lithologically representative unit hillslope provides a useful proxy for
understanding larger areas.

Figure 3.18 conceptually summarizes our interpretation that low dynamic water storage
capacity arising from thin subsurface critical zones limits the supply of water to plants in
the summer dry season. Rainfall is the same across the transect and is sufficient to support
the mixed broadleaf-needleleaf evergreen forest found in the Coastal Belt. Where all else
is hypothetically equal, a thin CZ with low storage becomes dominated by species that are
winter saturation tolerant and more summer water limitation tolerant (at left in Figure
3.18). This would tend to manifest in lower leaf area, lower summer transpiration, and in
general, a lower-productivity plant community. Although our two sites are presented here as
general cases of relatively low and high storage capacity—associated with the Central Belt
and Coastal Belt, and relatively low and high productivity ecosystems, respectively—the
confluence of biota, climate, tectonics, and lithology that influence subsurface CZ structure
presumably results in a spectrum of subsurface water storage capacity. Thus, as hypothesized
in Figure 3.18, a subsurface water storage capacity control on ecosystem function may not
only be important in creating vegetation mosaics in the Northern California Coast Ranges
but in other water-limited seasonally dry environments as well. As the climate warms and
habitable plant zones for particular species shift [e.g., Anderson and Ferree, 2010; Kelly and
Goulden, 2008], rock type—through its impact on water storage capacity—will likely interact
with the effects of climate change in setting future habitat compatibility in these regions.

Lithologic controls on the partitioning between
evapotranspiration and runoff

When integrated over an annual cycle, water budgets for most years between 2002 and
2015 plot within the energy-limited side of the Budyko space (Figure 3.17a). This arises
due to the temporal lag between water delivery and water demand in the Mediterranean
climate of the study area [e.g., Milly, 1994]. This contrasts with the observation that the
catchments are more water limited than energy limited in the summer: May–September
PET, a metric of atmospheric moisture demand (based on the Hargreaves method) is on
average 725 mm at Dry Creek (Central Belt) and 704 mm at Elder Creek (Coastal Belt),
exceeding the maximum observed dynamic water storage volumes that could be returned to
the atmosphere. This indicates that energy- versus water-limited descriptions for catchments
determined from annual water budget analyses may not be useful descriptors of ecosystem
water availability at subannual (i.e., seasonal) timescales in strongly seasonal climates, like
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regionally extensive (>100 km) contrasts in plant community distributions that covary with lithology. There
are limits to the unit hillslope approach, to the extent that the site chosen for intensive study may not be an
ideal representation of the larger landscape. However, given the current lack of methodologies to document
the extent of the weathered zone and intra‐hillslope hydrologic processes at large spatial scales, we suggest
that study of a topographically and lithologically representative unit hillslope provides a useful proxy for
understanding larger areas.

Figure 13 conceptually summarizes our interpretation that low dynamic water storage capacity arising from
thin subsurface critical zones limits the supply of water to plants in the summer dry season. Rainfall is the
same across the transect and is sufficient to support the mixed broadleaf‐needleleaf evergreen forest found
in the Coastal Belt. Where all else is hypothetically equal, a thin CZ with low storage becomes dominated
by species that are winter saturation tolerant and more summer water limitation tolerant (at left in
Figure 13). This would tend to manifest in lower leaf area, lower summer transpiration, and in general, a
lower‐productivity plant community. Although our two sites are presented here as general cases of relatively
low and high storage capacity—associated with the Central Belt and Coastal Belt, and relatively low and high
productivity ecosystems, respectively—the confluence of biota, climate, tectonics, and lithology that influ-
ence subsurface CZ structure presumably results in a spectrum of subsurface water storage capacity. Thus,
as hypothesized in Figure 13, a subsurface water storage capacity control on ecosystem functionmay not only
be important in creating vegetation mosaics in the Northern California Coast Ranges but in other water‐
limited seasonally dry environments as well. As the climate warms and habitable plant zones for particular
species shift (e.g., Anderson & Ferree, 2010; Kelly & Goulden, 2008), rock type—through its impact on water
storage capacity—will likely interact with the effects of climate change in setting future habitat compatibility
in these regions.

5.3. Lithologic Controls on the Partitioning Between Evapotranspiration and Runoff

When integrated over an annual cycle, water budgets for most years between 2002 and 2015 plot within the
energy‐limited side of the Budyko space (Figure 12a). This arises due to the temporal lag between water
delivery and water demand in the Mediterranean climate of the study area (e.g., Milly, 1994). This contrasts
with the observation that the catchments are more water limited than energy limited in the summer: May–
September PET, a metric of atmospheric moisture demand (based on the Hargreaves method) is on average

Figure 13. Conceptual cross section illustrating the hypothetical role of critical zone structure in governing water storage and ecosystem composition in the
seasonally dry, Northern California Coast Ranges. Topographic position, rainfall, and evaporative demand are assumed constant: only the thickness and
corresponding water storage capacity changes from left to right. Although shown as a horizontal surface, this analysis applies to well‐drained hillslopes underlain by
bedrock, not valley flats where thick colluvium or alluviummay accumulate and seasonal drainage may be poor. Plant variation at far right illustrates possible role
of fire exclusion in promoting pure stands of Douglas fir (e.g., Schriver et al., 2018).
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Figure 3.18: Conceptual cross section illustrating the hypothetical role of critical zone struc-
ture in governing water storage and ecosystem composition in the seasonally dry, Northern
California Coast Ranges. Topographic position, rainfall, and evaporative demand are as-
sumed constant: only the thickness and corresponding water storage capacity changes from
left to right. Although shown as a horizontal surface, this analysis applies to well-drained
hillslopes underlain by bedrock, not valley flats where thick colluvium or alluvium may ac-
cumulate and seasonal drainage may be poor. Plant variation at far right illustrates possible
role of fire exclusion in promoting pure stands of Douglas fir [e.g., Schriver et al., 2018].

our Mediterranean study sites.
Variations in the vertical location of the Budyko line—or the amount of water that is

returned to the atmosphere for a given dryness index—have been theorized to arise due to
differences in subsurface moisture storage [e.g., Milly, 1994; Milly and Dunne, 1994; Porpo-
rato et al., 2004; Yang et al., 2008; Rouholahnejad Freund and Kirchner, 2017], but to our
knowledge no empirical, comparative study in a seasonally dry climate has probed the entire
depth of the critical zone with deep boreholes to show how lithologically controlled differ-
ences in bedrock weathering explicitly govern this water partitioning. Our catchment-wide
analyses indicate that smaller dynamic storage volumes at Dry Creek (Central Belt) relative
to Elder Creek (Coastal Belt) are likely the cause for lower values of ET /P at Dry Creek for
the same value of PET /P (Figure 3.17a). This difference arises due to rock-type governed
limitations on CZ water storage capacity.
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The idea that subsurface CZ structure can limit dynamic water storage also has implica-
tions for the ET response to interannual variations in P . Excess P beyond that required to
replenish the dynamic subsurface storage capacity runs off in the winter (as similarly found
in and near the Eel River basin by Syvitski and Morehead, 1999, and Sayama et al., 2011,
and suggested by Smith et al., 2011, in Idaho [in soils] and Fellows and Goulden, 2016, in
the Sierra Nevada). Because it runs off, this excess P does not generate extra plant-available
water storage for the following summer, as explored by Hahm et al. [2019a]. The result is
that high year-to-year variations in P at both sites do not result in highly variable ET due
to the storage-limited nature of the two study catchments (Figure 3.17b).

Development of the subsurface critical zone structure

Recent theories have identified the importance of tectonics, lithology, and climate in govern-
ing the development of the subsurface CZ [Anderson et al., 2013; Lebedeva and Brantley,
2013; Rempe and Dietrich, 2014; Riebe et al., 2017; St. Clair et al., 2015]. The thickness of
the subsurface CZ is determined by the difference between the ground surface topography
and the elevation of the transition from weathered to fresh bedrock. The slope of the fresh
bedrock boundary that we observe at our Central Belt mélange site between the ridgetop
wells and Dry Creek (Figure 3.6) is essentially the same as the slope of the topographic
surface, and fresh bedrock outcrops in the channel (i.e., the subsurface CZ is thin relative
to the hillslope lengthscale), whereas in the Coastal Belt, fresh bedrock also outcrops in the
channel, but the fresh bedrock surface slope is considerably less than the average topographic
slope, resulting in a thick CZ at the topographic divide. Motivated in part by observations
in the Coastal Belt, Rempe and Dietrich [2014] propose that the slope of the fresh bedrock
surface may represent the extent to which fresh bedrock can be drained of the chemically
equilibrated, nearly stagnant fluid that resides within it as it is uplifted. They propose that
channel incision couples the evolution of surface topography with the evolution of the sub-
surface weathering profile by setting the pace of hillslope erosion and by mediating the slow
drainage of fresh bedrock. In their model, the slope of the fresh bedrock surface depends, in
part, on the saturated hydraulic conductivity of the fresh bedrock. Other bedrock weather-
ing models point to the intrinsic differences in porosity of different rock types: Bazilevskaya
et al. [2013], for example, interpreted an approximately tenfold deeper weathering front in
granite compared to diabase to arise from significant fracturing and interconnected porosity
in the granite, enabling the advection of oxygen to fresh mineral surfaces.

At Sagehorn (in the Central Belt), the hummocky topography indicates that earthflows
were active in the past and extended from the ridge to the major channels (Dry and Hank).
This ridge-to-channel slope creates a sustained head gradient in the underlying saturated
fresh mélange but appears to have caused insignificant drainage in this dense, likely very
low saturated conductivity material: The depth to fresh saturated bedrock at the divide is
only a few meters. Frequent saturation overland flow results in localized surface erosion and
the development of small valley networks that have cut into the stagnant earthflow features,
creating a dense channel system bordered by convex hillslopes with a local relief of about 20
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m (Figures 3.3 and 3.19). Even these local ridges generate saturation overland flow in the
winter, consistent with a shallow depth to fresh, low conductivity mélange, even in locally
steeper areas.

We suggest that the mélange may represent an extreme end-member of low saturated con-
ductivity, such that topographically driven head gradients are ineffective in causing drainage.
Instead, given the shallow depths to fresh bedrock, water extraction—and thus weather-
ing due to the introduction of oxygen and replacement of meteoric reactive water—may
be driven only by transpiration and evaporation. In effect, the ‘bottom up’ control is so
strong—preventing deep lateral drainage—that the weathering front can only advance from
these surface-driven processes. If so, the weathering front is strongly tied to the vegetation.
The ∼3-m depth to fresh bedrock in predominantly grassland areas may therefore reflect
water extraction from previously widespread native perennial grasses, which have deeper
roots than the present invasive annual grassland community [Dyer and Rice, 1999; Holmes
and Rice, 1996].

Once drained, the Coastal Belt and Central Belt weather very differently. The shales
of the Coastal Belt rapidly undergo slaking upon experiencing wetting and drying cycles,
with rock disaggregating into millimeter- to centimeter-scale fragments once at the surface.
This process is readily observable in previously saturated stream cobbles (Figure 3.20) as
well as freshly incised bedrock channels and may, along with pyrite oxidation and mineral
dissolution, create a network of fractures in the weathered rock zone that conveys water and
holds a significant portion of the seasonally dynamic water storage. In contrast, augering
observations and exposed stream cuts in the Central Belt suggest that weathered mélange
matrix can deform in a manner that may tend to seal fractures, inhibiting the movement of
water.

Together, these observations suggest that the distinct mineralogy and/or tectonic history
between the Belts of the Franciscan result in different subsurface CZ structure in spite of
similar bulk elemental composition, climate, and uplift history. The large differences in CZ
structure have important ecohydrological consequences as they directly affect hillslope runoff
pathways and seasonal water storage, and ultimately the composition and productivity of
the ecosystems covering the landscape.

3.7 Conclusions

Adjacent plant communities and runoff patterns in the Northern California Coast Ranges
vary strongly within a region of similar precipitation and temperature due to differences
in the weathering of the underlying bedrock. Mixed broadleaf-needleleaf evergreen forests
primarily inhabit the deeply weathered argillite and sandstones of the Coastal Belt, whereas
a deciduous oak savanna-woodland with annual herbaceous ground cover inhabits the thinly
weathered Central Belt mélange. Here we present direct evidence for lithologically controlled
differences in bedrock weathering and water storage that explain these surface plant com-
munities at regional (>100-km) scales. At our two field sites, we employ a unit hillslope
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Figure 3.19: Lidar-derived shaded relief map of the Central Belt mélange Sagehorn study
site, in which the incised channel network has resulted in the development of both convex-
up hillslopes (seen in the vertical elevation profile A–A’) and gently undulating earthflow
topography (B–B’). Also visible are prominent blocks within the mélange matrix that disrupt
the otherwise smooth, soil-mantled topography.
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Figure 3.20: Photo of disaggregating shale cobble (approximately 20 cm across) resting on
sandstone and conglomerate boulders in active stream bed, illustrating effect of wetting and
drying cycles on the bedrock of the Coastal Belt. Photo courtesy Mary E. Power.
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approach in which we intensively monitored ecohydrologic processes on a hillslope within
each rock type to explain ecological, runoff, and water budget differences observed at the
catchment and regional scale. We find that subsurface dynamic water storage capacity scales
with the depth of weathering. The Coastal Belt has a deep weathered zone—up to 30 m at
ridgetops—and stores approximately 4 times more water seasonally than the Central Belt
mélange, where fresh, unweathered parent material is found just ∼2 to 4 m below the surface.
Forests are sustained by the relatively high water content held at physiologically accessible
water potentials within the hillslopes of the Coastal Belt. In the Central Belt mélange, less
than 200 mm of precipitation leads to saturation of the subsurface, prompting widespread
saturation overland flow and flashy stream runoff. This arises due to minimal water storage
capacity and results in dry channel networks in the summer. Low water storage capacity
results in low plant water availability and a community dominated by annual grasses and
oaks that can extract tightly held water despite receiving ∼1,800 mm of annual precipita-
tion. A further factor likely limiting the establishment of the needleleaf tree P. menziesii
(Douglas fir) is a seedling recruitment bottleneck due to the seasonal ground saturation.
The differences in plant-available water availability between the two sites would not have
been apparent from a study of the soils alone; the large differences in plant-available water
storage capacity stem primarily from differences in the depth and extent of weathering in
the bedrock underlying the soils.

Both sites are in areas of active uplift and channel incision, which will tend to drain
the fresh bedrock and advance the weathering front. The underlying fresh Central Belt
mélange bedrock, however, remains undrained (and unoxidized) even as channel incision
drives hillslope evolution. This observation supports a ‘bottom-up’ theory for control on
depth to fresh bedrock. In the mélange, we propose that this control is so strong that the
drainage and advance of the weathering front (and corresponding development of porosity
and water storage capacity) is accomplished by evaporation and transpiration withdrawal of
moisture from the bedrock. In this seasonally dry Mediterranean climate, the extent to which
the subsurface CZ sheds or stores precipitation during the wet season dictates dry season
water availability and therefore the composition and productivity of ecosystems. Subsurface
CZ water storage capacity regulation of plant water availability and community composition
is likely widespread in seasonally dry climates. Deep drilling, intensive hydrologic monitoring
on unit hillslopes, and catchment-wide storage analysis will help provide greater insight into
the role of weathered bedrock in determining vegetation assemblages.
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Chapter 4

Low subsurface water storage capacity
relative to annual rainfall decouples
Mediterranean plant productivity and
water use from rainfall variability

4.1 Abstract

Plant water stress in response to rainfall variability is mediated by subsurface water storage,
yet the controls on stored plant-available water remain poorly understood. Here we develop
a probabilistic water balance model for Mediterranean climates that relates the amount of
water stored over the wet season to annual rainfall statistics and subsurface storage capacity
in soil and weathered bedrock. This model predicts that low storage capacity—relative to
winter rainfall—results in similar year-to-year summer water availability, as both relatively
wet and dry winters replenish storage. Observed water balances in seven catchments in the
Northern California Coast Ranges exhibited this dynamic. We hypothesized that plants
would be decoupled from precipitation variability at these storage-capacity-limited sites and
observed that summer productivity and water use (inferred from the enhanced vegetation
index) were independent of winter rainfall totals. These areas emerged largely unscathed
from recent extreme drought, despite widespread plant mortality elsewhere.

This chapter is adapted from Hahm, W. J., Dralle, D. N., Rempe, D. M., Bryk, A. B.,
Thompson, S. E., Dawson, T. E., and Dietrich, W. E. (2019a). Low subsurface water storage
capacity relative to annual rainfall decouples Mediterranean plant productivity and water
use from rainfall variability. Geophysical Research Letters.
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4.2 Introduction

Recent droughts have dramatically altered plant communities throughout many of the world’s
arid and mesic biomes [Hartmann et al., 2018], and climate models predict further increases
in the frequency of extreme precipitation events [Swain et al., 2018]. Analyses of the drivers
of plant response to drought, including die-off, have largely focused on physiological and
pest responses to climatic proxies for plant water stress [Adams et al., 2017; Choat et al.,
2018]. However, in rain-dominated Mediterranean climates—home to many of the world’s
most biodiverse and threatened plant communities [Cowling et al., 1996]—plants generally
rely on subsurface water storage to sustain transpiration during the dry season [e.g., Klos
et al., 2018]. Storage dynamics should therefore be central in regulating plant response to
climatic variability. Water storage dynamics have been shown to impact plant greenness,
with numerous satellite-based studies showing that the spectral signatures of leaves correlate
with water storage in the upper few centimeter of soil measured with microwaves [e.g., A
et al., 2017] or with storage in the entire hydrosphere measured from gravity [e.g., Yang et al.,
2014]. A major knowledge gap remains, however, in our knowledge of both the structure of
Earth’s near-surface weathering profile, which sets the plant-available water storage capacity
in the critical zone (CZ; Figure 4.1)—extending from the top of the vegetation canopy
through the soil and down to fresh bedrock [Grant and Dietrich, 2017; Riebe et al., 2017]—
and how this structure’s interaction with rainfall dynamics determines how much water is
stored for plants through wet and dry periods. Improving our understanding of the nature
of deeper hillslope plant-available water storage has been identified as a pressing research
frontier and will improve the accuracy of Earth system models [Fan et al., 2019].

A common but often implicit hypothesis is that ample belowground water storage ca-
pacity buffers plants from interannual variations in precipitation. Here we explore instead
whether low subsurface plant-available water storage capacity—relative to precipitation—
can decouple plant water supply (and, consequently, plant productivity) from precipitation
anomalies, including droughts. We exploit the strong seasonality of Mediterranean climates
to test this hypothesis. We propose that where subsurface storage capacity is low relative to
typical winter precipitation totals, winter precipitation will be sufficient to replenish storage
in wet and dry years alike, resulting in similar year-to-year summer water availability. We
call this condition “storage-capacity limitation” because the amount of stored water is lim-
ited by storage capacity rather than precipitation. Winter precipitation at storage-capacity
limited sites that exceeds this capacity contributes to winter runoff rather than greater stor-
age at the start of the dry season. Established plants adapted to a summer water supply
capped by the storage capacity therefore may not experience diminished water availability
and increased stress in anomalously dry years. Elements of this mechanism have emerged in
ecohydrologic models and field studies [Fellows and Goulden, 2016; Hahm et al., 2019b; Link
et al., 2014; Milly, 1994; Porporato et al., 2004; Rempe and Dietrich, 2018; Sayama et al.,
2011; Smith et al., 2011; Stephenson, 1990; Zanardo et al., 2012], yet to our knowledge the
role of storage-capacity limitation in mediating plant productivity and water use sensitivity
to precipitation variability at landscape scales remains unexplored.
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Figure 4.1: The critical zone (CZ) extends from treetops to the base of weathered bedrock.
Channel incision and erosion bring fresh, low permeability bedrock into the near surface.
Fresh bedrock can then be weathered to generate porosity and permeability, which mediate
the partitioning of precipitation (P) into storage (S ), evapotranspiration (ET ) and runoff
(Q).

Here we formulate a probabilistic hydrologic model for Mediterranean catchments to
investigate whether dynamic storage capacity (S max) can decouple accumulated winter wa-
ter storage (S ) from winter precipitation (P) variability. We then use data from 26 rain-
dominated catchments across California to test the hypothesis that where S is independent
of P—diagnostic of storage-capacity limitation—summer plant productivity and water use,
as measured by the enhanced vegetation index (EVI), are also uncorrelated with P. We apply
a simple catchment water balance technique for estimating S [Dralle et al., 2018; Sayama
et al., 2011], which is not limited to specifying storage capacity using mapped soil databases
alone. These databases typically contain storage-capacity information only for shallow soils,
while plants in Mediterranean climates are known to extract water in summer from both
unsaturated and saturated weathered rock below the soil throughout the CZ (Figure 4.1)
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to depths of tens of meters [Arkley, 1981; Jones and Graham, 1993; Rempe and Dietrich,
2018; Witty et al., 2003]. Both the modeling framework and empirical analysis support the
notion that low storage capacity relative to winter precipitation can decouple summer plant
productivity and water use from precipitation variability. Our method provides a simple
approach for identifying subsurface controls on terrestrial ecosystem function. It also high-
lights a novel mechanism by which subsurface storage dynamics can shield plant communities
from the potential ecohydrological risk associated with possible increased volatility of annual
precipitation in Mediterranean climates globally.

4.3 Model development and catchment water balance

methodology

Stochastic hydrological model

The hydrological model assumes that (1) a consistent minimum storage value is reached
at the end of the dry season each year, that is, negligible interannual carryover of water
occurs; (2) cumulative winter evapotranspiration (ET ) is constant from year to year, includes
interception losses, and is always less than P in the energy-limited winter; and (3) runoff
(Q ; stream discharge normalized by catchment area) is generated only when dynamic storage
reaches S max. The model does not distinguish between unsaturated and saturated storage.
S for any given year is therefore piecewise defined:

S = P − ET if P − ET < Smax; Q = 0 (4.1a)

S = Smax if P − ET > Smax; Q = P − ET − Smax (4.1b)

Equation 4.1a represents a “precipitation-limited” condition, where S is limited by P.
The inequality in Equation 4.1b signifies a “storage-capacity-limited” condition, in that S max

limits S. Thus, summer plant water availability, to the extent that it scales with S, is lim-
ited by either precipitation (Equation 4.1a) or storage capacity (Equation 4.1b). Although
this model omits some elements of the winter climate and hydrology, it provides a minimal
description of the seasonal dependence of S on P and S max. Assumption (1) is reasonable
to the extent that PET is typically much larger than ET across California in the summer
dry season, indicating that each summer plants experience water-limited conditions. As-
sumptions (2) and (3) above are only present in the model; actual fluxes are tracked in the
empirical catchment water balances described below, and the same variable names are used
for consistency.

Small uncertainties in the water fluxes compound through the winter, distorting the
running estimate of S. Error in reported Q (for example, due to rating curve or measurement
uncertainty) is common, and Monte Carlo simulations (not shown) indicate that normally
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distributed random errors with a mean of zero and a standard deviation equal to 5% of the
observed value of Q can produce scatter in S comparable to that seen at Elder Creek (see data
below). P and ET are similarly subject to random uncertainties and biases, which in some
respects are only quantifiable in relation to each other. When Ryu et al. [2011] compared
their MODIS-derived ET estimates to basin-annual water mass balance (precipitation −
runoff), for example, they found a root mean square error of 168 mm/y across all basins.
Tracking S over multiple years is therefore unfeasible and analysis is restricted to individual
wet seasons. Nevertheless, at two of the storage-capacity-limited sites (Elder Creek and Dry
Creek), multi-year intensive field campaigns have documented that end-of-summer hillslope
water storage (inferred from repeat neutron probe surveys, groundwater dynamics, and pre-
dawn water potential measurements) returns to a similar state year after year [Hahm et al.,
2018; Rempe and Dietrich, 2018], implying limited interannual carryover, at least at the
storage-capacity limited sites.

Remotely sensed vegetation indices are subject to uncertainties associated with back-
ground saturation. Our analysis of ranked correlations at individual sites, rather than com-
parison of absolute magnitudes between sites, however, minimizes the impact of these un-
certainties. Data gaps due to, for example, cloudy periods, are also of concern, but are also
minimized in this study, due to the fact that California is largely cloud-free in the summer
dry season.

As input to the water-balance–storage relationships, we assume that annual P is a gamma
distributed random variable [e.g., Abramowitz and Stegun, 1965; Ison et al., 1971], with a
probability distribution function fP (p) that is defined by its mean (P ) and coefficient of
variation (CV ). CV captures the spread of the annual precipitation distribution, which may
yield wet years and drought years. The theoretical distributions in the left column of Figure
4.2 conceptually show how Equation (4.1) maps values of P to values of S, for different
values of S max (increasing downward from (a) to (c)). In case (a), S consistently reaches
the relatively low S max, in spite of variable year-to-year winter precipitation. In case (c), S
rarely reaches the relatively high S max, and the resulting variability in annual storage reflects
variability in annual precipitation.

Across many years, P may take a range of values as determined by fP (p). The resulting
strength of the relationship between P and S will determine the extent to which a watershed
is precipitation-limited or storage-capacity-limited. This can be quantified by the nonpara-
metric Spearman correlation coefficient, ρ, which is the Pearson correlation of the rank orders
of P and S [Fieller et al., 1957]. As Equation (4.1) indicates, the correlation between P and
S should be zero at a completely storage-capacity-limited site, as S is a constant S max from
year to year, and therefore statistically independent of P. Conversely, ρ will be equal to 1 at
a completely precipitation-limited site.

Idealized plots of S versus P and the corresponding value of ρ are shown in the center
column of Figure 4.2 for five hypothetical water years. The right-hand side of Figure 4.2
illustrates the winter catchment water balance in wet and dry years corresponding to the
precipitation and storage conditions illustrated in the first column. This shows how S max

controls the partitioning of P between S, Q, and ET. Note that P and ET are the same in
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Figure 4.2: Conceptual diagram illustrating how the start-of-summer dynamic water storage
(S ), depends on winter precipitation (P) and subsurface critical zone water storage capacity
(S max). Evapotranspiration (ET ) is winter evapotranspiration (assumed constant here) and
Q is the winter runoff. The three rows (a–c) show, for an increase in S max: (left column)
the probability distribution of annual precipitation (P) relative to Smax, and the resultant
S distribution, shifted left due to ET ; (middle column) corresponding scatter plots of S
versus P for five hypothetical years, along with the Spearman rank correlation coefficient
(ρ) expressing the dependence of S on P ; (right column) relative water volumes, stylized as
columns, of S, P, ET, and Q for an exemplary dry (left) and wet (right) year. In cases when
P <S max − ET, the volume of S (colored red) is less than S max (the column’s wire frame).
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each column, and when S is less than S max there is no predicted runoff.
Figure 4.3 plots contours of the Spearman coefficient, ρ, as a function of the CV of

P and a dimensionless combination of the average winter precipitation (P ), S max, and ET,
according to Equation (4.1) for gamma-distributed P. The storage-capacity-limited condition
is approached (i.e., ρ approaches 0) for increasing P/(ET + S max). Under these conditions,
summer ET may be limited by neither energy nor annual precipitation [in the sense of
Budyko, 1974], but by the storage capacity [e.g., Milly, 1994]. As CV increases along the
horizontal axis in Figure 4.3, occasional dry years will not replenish the subsurface storage,
resulting in a higher correlation between P and S.

The contours in Figure 4.3 are determined by assuming that total winter precipitation (P)
is a random variable, and total winter evapotranspiration (ET ) is approximately constant.
Here we assume S is equal to its maximum plus or minus a small error term, S max + ε when
P exceeds S max + ET (we assume a small random noise term (ε) that disallows ranked
ties when P − ET >S max). This storage-capacity-limited condition occurs with probability
1− x. Otherwise, with probability x, a precipitation-limited condition prevails with S = P
− ET. It is assumed that P >ET in all years.

With these definitions, we can determine the expected Spearman rank correlation (ρall)
between S and P as a function of annual mean of winter precipitation (P ), its coefficient
of variation (CV ), S max, and ET. The Spearman rank correlation is equal to the Pearson
correlation between the ranked annual values of P and S (higher values denote stronger
statistical dependence of S on P).

Given N years of precipitation and storage observations (Si, Pi) for which Pi 6= Pj and
Si 6= Sj with i, j ∈ {1, 2, . . . , N}, the observations can be sorted by Si or Pi and assigned
ranks rank(Si) and rank(Pi).

Assuming (by virtue of the small error term in S max + ε) that no two years have identical
values of dynamic storage, the Spearman rank correlation between Si and Pi is defined by
Fieller et al. [1957]:

ρall = 1− 6
∑N

i=1 d
2
i

N(N2 − 1)
(4.2)

where di is the difference between the two ranks of each observation (di = rank(Si) −
rank(Pi)).

Assuming ε is unrelated to precipitation, the expected Spearman rank correlation between
S and P among all storage-capacity-limited years (P >S max + ET ) is zero (ρcapacity-limited

= 0). During precipitation-limited years (P <S max + ET ), the rank correlation should be
exactly 1 (ρprecip-limited = 1). In limit of large N , there will be n = N(1−x) storage-capacity-
limited years, and Nx precipitation-limited years.

By evaluating Equation 4.2 separately for these groups of years, the unknown terms
pertaining to di can be determined in terms of the probability x:
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(P) for varying S max, CV of P, and P .
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For storage-capacity-limited years:

ρcapacity-limited = 0 = 1−
6
∑N

i=Nx+1 d
2
i

n(n2 − 1)

=⇒
N∑

i=Nx+1

d2
i =

n(n2 − 1)

6
(4.3)

For precipitation-limited years:

ρprecip-limited = 1 = 1− 6
∑Nx

i=1 d
2
i

Nx
(
(Nx)2 − 1

)
=⇒

Nx∑
i=1

d2
i = 0 (4.4)

Combining the identities 4.3 and 4.4, the Spearman rank correlation for the full collection
of N years is defined as:

ρall = 1− 6
∑N

i=1 d
2
i

N(N2 − 1)

= 1− 6

N(N2 − 1)
×

(
Nx∑
i=1

d2
i +

N∑
i=Nx+1

d2
i

)

=
x (N2 (x2 − 3x+ 3)− 1)

N2 − 1
(4.5)

Taking the limit N →∞ in Equation 4.5 yields:

ρall = x3 − 3x2 + 3x (4.6)

The challenge is now to define the probability x given knowledge of the probability
distribution of the winter precipitation, S max, and ET. We follow other authors [Ison et al.,
1971] in assuming that annual winter precipitation P is a gamma distributed random variable
(although a similar solution approach could be adopted for other distributions of P). We
prescribe the mean winter precipitation as P , and its standard deviation σ and coefficient of
variation CV = σ/P .

With these definitions, the cumulative probability distribution of the winter precipitation
is:

FP (p) =
1

Γ
(

1
CV 2

) × γ [ 1

CV 2
,

p

CV 2 × P

]
(4.7)

where Γ is the gamma function and γ is the lower incomplete gamma function [Abramowitz

and Stegun, 1965]. A dimensionless precipitation P̃ = P
Smax+ET

, has its own CDF obtained
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through a change of variables:

Fp̃ (p̃) = Fp (p̃× (Smax + ET )) =
1

Γ
(

1
CV 2

) × γ [ 1

CV 2
,

p̃

CV 2 ×M

]
(4.8)

Where M = P
Smax+ET

. The probability that a given year is precipitation limited (x) is
found by evaluating Fp̃(p̃ = 1):

x = Fp̃(1) =
1

Γ
(

1
CV 2

) × γ [ 1

CV 2
,

1

CV 2 ×M

]
(4.9)

This expression for x can be substituted into Equation 4.6 to obtain the Spearman rank
correlation between S and P for given values of the coefficient of variation of precipitation
(CV ) and the dimensionless ratio (M) of mean annual precipitation to the sum of storage
capacity and winter evapotranspiration.

Selection of catchments and analysis of winter water balance
and summer plant sensitivity

We tested whether rain-dominated Mediterranean sites in the U.S. exhibited storage-capacity-
limited or precipitation-limited behavior by quantifying basin-wide storage dynamics. To
calculate S = P − ET −Q, we rely on gridded precipitation (PRISM Climate Group, Ore-
gon State University, http://prism.oregonstate.edu), a process-based ET model driven
by remotely sensed data [Baldocchi et al., 2019; Ryu et al., 2011], and U.S. Geological Survey
(USGS) runoff records. We queried the entire stream gauge network reported by the USGS
to find suitable catchments that were winter wet, summer dry, unimpaired, rain-dominated,
and relatively undisturbed (see Table 4.1 for complete criteria). Only 25 USGS-gauged
catchments—all found within the state of California—met this selection criteria (we also
include a non-USGS station at the Eel River Critical Zone Observatory (ERCZO), Dry
Creek, which we classify as storage-capacity-limited based on intraseasonal storage dynam-
ics; Dralle et al., 2018; Hahm et al., 2019b). The 26 sites span a large gradient in precipitation
and biome, from mixed-coniferous-broadleaf evergreen forests to deciduous oak savanna, as
well as underlying bedrock (marine sedimentary sequences to the granitic Sierra Nevada
batholith; see table S2 online accompanying Hahm et al. [2019a] for more detail). A broader
application of this empirical framework would likely register snow-dominated catchments
as precipitation-limited, because higher precipitation typically results in higher storage as
snowpack.

To test whether the subsurface storage dynamic governs plant community response to
precipitation variability, we examined the correlation between catchment-wide mean sum-
mer EVI (derived from satellite observations [MOD13A1; Didan, 2015] between April and
September) and winter precipitation. EVI is used here as a proxy for plant productivity
and water use [Mu et al., 2007; Sims et al., 2006] and has been widely used as a metric of

http://prism.oregonstate.edu
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Table 4.1: USGS Basin Filtering Criteria.

Rule Rationale Data source
0 dams upstream of gagea Dams confound storage

interpretation

GAGES-II: Geospatial
Attributes of Gages for
Evaluating Streamflow
(https://water.usgs.gov/
GIS/metadata/usgswrd/XML/

gagesII_Sept2011.xml)

<20% of precipitation as snow Restrict study to rain-dominated
sites, to isolate role of
belowground

<10% of precipitation falling
between May 1–Sept. 31

Restrict study to winter-wet,
summer-dry environments

Continuous daily runoff data
over study periodb

Data gaps preclude water
balance

Catchment area <1000 km2 Limit spatial heterogeneity
Cumulative clear cut or selective
thinning logging 1997–present
<20%

Logging confounds
interpretation of EVI signal

California Timber Harvest Plans
(ftp:
//ftp.fire.ca.gov/forest/

Statewide_Timber_Harvest/)
Cumulative burned area from
1990–2014 <20%

Fire confounds interpretation of
EVI signal

California Fire and Resource
Assessment Program Fire
Perimeters (http://frap.fire.
ca.gov/data/frapgisdata-sw-

fireperimeters_download)
Cumulative developed area
<10%

Developed areas alter water
balance

National Land Cover Database
2011 (https://www.mrlc.gov/
nlcd2011.php)

Cumulative cultivated area <5% Developed areas alter water
balance (likely irrigated)

No excessive water diversion
upstream of gage

Alters water balance USGS Water Year Summary
Remarks and queries to USGS
personnel

Notes: aSouth Fork Eel River at Leggett included as dam only active in summer, therefore does not
interfere with winter storage tracking. bOccasional data gaps in the USGS runoff data that did not have an
effect on determining the limitation classification were permitted (see, e.g., Miguelitos Creek). A complete
dataset of winter runoff used is available at the code and data repository
(https://github.com/daviddralle/storage_sensitivity/blob/master/data/winter_q.csv).

plant sensitivity to changes in measured subsurface water availability [e.g., Bai et al., 2019;
A et al., 2017]. In our presentation of results, the annual summer EVI provided by the
Moderate Resolution Imaging Spectroradiometer (MODIS) satellite program and obtained
from the Google Earth Engine for each site is normalized by the site-specific mean across
all study years. This allows for easy visual intercomparison between sites without affecting
the rank correlation (ρ) between summer EVI and winter P. Nonnormalized data for each
site are provided in Figure 4.4. In order to explore the role of summertime meteorological
conditions on plant response, we also compared the sensitivity of summer EVI to summer
potential evapotranspiration (PET ; calculated via the Hargreaves method [Hargreaves and
Samani, 1982] with temperatures determined from PRISM).

We restricted the analysis to the 2002–2013 water years because (1) this marks the start
of MODIS products that the ET data set relies on, (2) we wanted to limit the total number of

https://water.usgs.gov/GIS/metadata/usgswrd/XML/gagesII_Sept2011.xml
https://water.usgs.gov/GIS/metadata/usgswrd/XML/gagesII_Sept2011.xml
https://water.usgs.gov/GIS/metadata/usgswrd/XML/gagesII_Sept2011.xml
ftp://ftp.fire.ca.gov/forest/Statewide_Timber_Harvest/
ftp://ftp.fire.ca.gov/forest/Statewide_Timber_Harvest/
ftp://ftp.fire.ca.gov/forest/Statewide_Timber_Harvest/
http://frap.fire.ca.gov/data/frapgisdata-sw-fireperimeters_download
http://frap.fire.ca.gov/data/frapgisdata-sw-fireperimeters_download
http://frap.fire.ca.gov/data/frapgisdata-sw-fireperimeters_download
https://www.mrlc.gov/nlcd2011.php
https://www.mrlc.gov/nlcd2011.php
https://github.com/daviddralle/storage_sensitivity/blob/master/data/winter_q.csv
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years studied to minimize trends in EVI associated with long-term plant community growth
or succession that were distinct from the seasonal storage-climate signal we sought to isolate,
(3) there was large variation in P across the sites during this time period, and (4) many trees
across the state began to die at the end of this time period [US Forest Service, 2016a], which
results in a step-change in the EVI signal, precluding our ability to detect the sensitivity of
summer EVI to interannual variability in P.

4.4 Winter water balance and summer plant

sensitivity to variable precipitation

The first row of Figure 4.5 illustrates annual storage dynamics from three sites spanning
a gradient from storage-capacity-limited to precipitation-limited. The grey lines show the
seasonal progression of S through multiple winters; the end-of-winter S value is shown with
a colored point (evaluated from mass-balance between 1 October and 1 April). In each site,
the same 12 years (water years 2002–2013) were selected. At Elder Creek, early winter rains
steadily increase S. Storage eventually plateaus, however, and further precipitation instead
results in runoff. Thus, across multiple years, end of winter S and P are largely uncorrelated,
and ρ is not significantly different from zero (Figure 4.5a). The catchment is classified as
storage-capacity-limited. At Los Gatos Creek, S increases with additional precipitation
throughout the winter, consistent with precipitation limitation. Unlike Elder Creek, the
seasonal storage traces do not plateau, and winter runoff is typically small (Figure S3). S and
P are strongly correlated: ρ = 1.0 and is significant at p <0.05. A strong positive correlation
is guaranteed in this case, as small runoff results in the storage term being dominated by P ;
this arises because precipitation is generally smaller than the storage capacity. San Lorenzo
Creek is an intermediate case, where S increases with P during relatively dry years, but
begins to plateau in wetter years.

The second row of Figure 4.5 illustrates the sensitivity of summer plant growth to the
previous winter’s rainfall. At Elder Creek, there is no significant correlation between P and
EVI, consistent with our hypothesis that storage-capacity limitation results in insensitivity
of plant summer productivity and water use to year-to-year variability in total precipitation.
In contrast, at Los Gatos Creek, EVI is strongly correlated with winter precipitation. In this
precipitation-limited catchment, the EVI signal suggests that plants are more productive
and return more water to the atmosphere in summers that follow wet winters.

Figure 4.6 summarizes the rank correlations between S, EVI, and P for all catchments.
Six of the sites exhibited storage-capacity limitation, that is, insignificant correlation between
S and P. At these sites (open symbols in Figure 4.6a) summer EVI was similarly insensitive
to winter precipitation totals (open symbols in Figure 4.6b), as hypothesized. The storage-
capacity-limited sites are found throughout the Northern California Coast Ranges (maps in
Figure 4.6), indicating that storage-capacity limitation may be a widespread ecohydrologic
phenomenon across an area with diverse plant communities, which have a large range in
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Figure 4.5: Winter storage (S ) and the summer enhanced vegetation index as a function
of winter precipitation (P). Plots (a–c) track the running catchment-wide S water balance
(grey line traces) for each water year as a function of cumulative winter precipitation (up to
1 April). The dashed 1:1 lines reflect a reference case of no runoff (Q) or evapotranspiration.
Plots (d–f) plot mean-normalized summer enhanced vegetation index between 1 April and
30 September, also as a function of total winter precipitation (P). ρ denotes the Spearman
rank correlation for each scatter plot; asterisks denote significance at p <0.05.

canopy cover (between ∼20 and ∼90%; Figure 4.7) and absolute mean summer EVI (∼0.32
to ∼0.50; Figure 4.4). Sayama et al. [2011] also analyzed runoff from 17 small catchments,
not monitored by the USGS, in Northern California Coast Range catchments and found
behavior that we interpret as storage-capacity-limited (seasonal S traces plateau relatively
early within the winter). This area also tends to have higher average annual rainfall (Figure
4.8); as the modeling framework predicts (Figure 4.3), locations with higher rainfall are more
likely to be storage-capacity limited. At precipitation-limited sites, variations in P explain
variations in S (filled symbols in Figure 4.6a), and summer EVI at most sites scales with
winter precipitation (filled symbols in Figure 4.6b).

Figure 4.9 shows that in general the summer EVI signal has a weak negative correlation
with summer PET across the state; however, at most sites the correlation is insignificant.
We interpret this to indicate that if more energy is available for plant water use, vegetation
is not necessarily able to use that energy to transpire more (i.e., the sites are water-limited
in the summer). Furthermore, there is no apparent difference in the sensitivity of summer
EVI to summer PET between storage-capacity-limited and precipitation-limited sites.
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Figure 4.6: Winter storage and summer enhanced vegetation index (EVI) sensitivity to
winter P. Spearman rank correlations between (a) S and winter precipitation and (b) summer
EVI and winter precipitation. The filled symbols denote significance at p < 0.05. The grey-
shaded vertical bars connect storage-capacity- limited sites between (a) and (b). Dry Creek
lacks complete runoff record but is inferred to be storage-capacity-limited based on intensive
hillslope- scale monitoring.

4.5 Discussion

Sites across California exhibit both precipitation-limited and storage-capacity limited be-
havior. Where the amount of water stored over the wet season is uncorrelated with rainfall,
the storage capacity of the subsurface is inferred to be low relative to the winter rainfall,
and correspondingly, the summer EVI is insensitive to variations in rainfall. This is consis-
tent with our hypothesis that storage-capacity limitation can decouple plants from swings in
rainfall, even when these swings are large: P varied more than twofold between years, and,
in some cases, by more than 1,500 mm.

Similar to recent studies [e.g., Wang-Erlandsson et al., 2016], our analysis uses water
flux tracking to estimate S independently of catchment physiographic features (e.g., soil
characteristics). Considering only water storage in near-surface soils, all study sites would
likely be storage-capacity-limited: the average plant-available water holding capacity in the
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Figure 4.7: Distribution of mean canopy cover (jittered) by limitation category.

soil is about 100 mm based on querying the Soil Survey Geographic database [Soil Survey
Staff, 2018]. Instead, most sites are precipitation-limited, indicating that the seasonal water
storage likely extends well below the soil, consistent with large discrepancies between flux-
tracked and soil survey-inferred storage capacities observed elsewhere [e.g., de BoerEuser
et al., 2016]. Storage drawdowns in summer within Mediterranean climates are dominated
by ET, not Q, and transpiration is the dominant (85–95%) component of summer ET at our
sites [Martens et al., 2017]. This indicates that much of the water seasonally stored below
the soil is plant-available, and that plants generate the below-soil storage deficit that is
replenished by wet season rains. This deeper water occurs in saprolite or weathered bedrock
as rock moisture [in the sense of Rempe and Dietrich, 2018] or groundwater.

The decoupling of summer plant greenness from winter
precipitation variability

We considered additional mechanisms that could result in the decoupling of summer plant
greenness from winter precipitation variability: (1) that some plant communities do not
exhibit EVI variations in general and (2) that some plant communities do not exhibit EVI
variations in response to changes in water availability. We rejected these explanations be-
cause (1) there are consistent, large seasonal swings in EVI at storage-capacity-limited sites
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Figure 4.8: Distribution of mean annual precipitation (jittered) by limitation category.

with diverse plant communities [see Figure 11 of Hahm et al., 2019b], and (2) greenness
across a wide range of plant communities has been shown to be significantly correlated with
water storage [Yang et al., 2014]. There remain in our data set, however, five sites where
precipitation limits S but is poorly correlated to summer EVI, contrary to our predictions.
This may be due to storage capacity being met in some but not all years, significant inter-
annual water storage carry-over, or S not scaling, as assumed, with plant available water,
due to factors like interbasin flow that are not accounted for in our analysis.

Observations and hydrologic mechanisms of
storage-capacity-limitation

Monitoring and drilling at two storage-capacity-limited catchments—Elder Creek and Dry
Creek—in the Northern California Coast Range, within the ERCZO, illustrate how diverse
CZ structures impose storage-capacity limitation. The subsurface CZ at Dry Creek consists
of a shallow soil (∼40 cm) developed on a relatively thin saprolite and weathered bedrock
zone that transitions to low porosity, low conductivity fresh parent material at only ∼2-m
depth [Dralle et al., 2018; Hahm et al., 2019b]). Here early winter rains (typically between
100 to 200 mm, or less than 1/10th of the local P ) saturate the CZ [Dralle et al., 2018].
Further precipitation generates widespread overland flow, and S does not increase, resulting
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Figure 4.9: Winter storage sensitivity to P and summer EVI sensitivity to summer PET.
Spearman rank correlations between S and winter precipitation (a), and summer EVI and
summer PET (b), are shown for the 2002–2013 water years. Filled symbols denote signifi-
cance at p <0.05. Grey-shaded vertical bars connect storage-capacity-limited sites between
(a) and (b).

in limited summer water availability in the summer. Despite an annual precipitation of
>1,800 mm, a water-limitation tolerant oak savanna dominates [Hahm et al., 2018]. This can
be explained by the subsurface CZ-structure imposed cap on plant-available water storage
[Hahm et al., 2019b]. In contrast, the subsurface CZ at the densely forested Elder Creek
(USGS gage #11475560) consists of a thin soil (typically <60 cm), underlain by a weathered
bedrock layer which thickens upslope away from the channel, reaching depths of up to 30
m at the ridge [Oshun et al., 2016; Rempe and Dietrich, 2014; Salve et al., 2012]. The soil
and weathered fractured rock progressively wet with early winter precipitation, until a field-
capacity-like condition is reached in the vadose zone. Further precipitation triggers recharge
to a seasonal groundwater table that develops above the fresh bedrock boundary that slopes
toward the channels and drives relatively rapid runoff without completely saturating the
subsurface [Rempe and Dietrich, 2018].

Differences in CZ structure at the two ERCZO sites correspond to different geologic units
of the Franciscan complex [Hahm et al., 2019b]. Other lithological settings may influence
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seasonal water storage through different runoff generation mechanisms. For example, at
sites with low near-surface hydraulic conductivity where runoff generation is primarily via
Horton overland flow or where shallow claypans promote shallow lateral subsurface flow
[Swarowsky et al., 2011], greater winter precipitation (P) would not increase S but instead
would increase runoff (Q), as suggested by Milly [1994]. Our empirical approach would
register this catchment behavior as storage-capacity-limited, even though such sites may have
ample subsurface porosity where water could be stored if, for example, winter precipitation
events were less intense but more frequent.

Storage capacity limitation and drought resilience

More than 100 million trees died across California in the 2011–2016 drought [US Forest
Service, 2016a]. However, we did not observe significant crown dieback or tree mortality at
the two storage-capacity-limited ERCZO sites (Elder and Dry creeks), in spite of approx-
imately twofold precipitation declines relative to long-term averages. Indeed, at five out
of six storage-capacity-limited sites, summer EVI remained uncoupled from winter P even
when years during and after the extreme drought are considered (2014–2016; Figure. 4.10;
these years were not included in the analysis in Figure 4.6 in order to avoid the potential
step-change in EVI signal due to dead trees at some sites; see discussion above). The site
that shifted from storage-capacity limited to precipitation limited (Gage ID 11379500) likely
did so because rainfall dropped low enough relative to storage capacity that it entered a
precipitation-limited state in the drought, as predicted by the model and suggested by other
intermediate cases (see, e.g., San Lorenzo in Figure 4.5). The storage-capacity limited sites
are representative of much of the Northern California Coast Ranges, which avoided signifi-
cant mortality compared to the Sierra and Southern California [US Forest Service, 2016a],
and span a large gradient in ecosystem water-limitation tolerance, from grassland savanna to
sclerophyllous shrubland to dense stands of Douglas Fir (Pseudotsuga menziesii). Although
it rains more along the Northern California Coast Ranges compared to the rest of the state,
the strong seasonal separation of water delivery to the landscape from water demand by
plants results in summer water limitation in spite of annual P exceeding, in some years,
PET.

Previous studies, in contrast to our hypothesis, concluded that these plant communities
would suffer in the drought. For example, Choat et al. [2012] proposed that, in general,
forests growing in relatively wet areas should be as susceptible to drought as those growing
in dry environments, due to the tendency for trees to operate with narrow hydraulic safety
margins within their water balance regime. Locally, relatively high canopy density and
climatic water deficits resulted in model predictions of higher-than-observed mortality in the
Northern California Coast Ranges in the drought [Young et al., 2017]. We propose that
by decoupling summer water availability from year-to-year winter precipitation variability,
storage-capacity limitation is a mechanism of drought resilience in this region. Plants were
not spared from the drought here because the subsurface stored large quantities of water
that were mined as the drought progressed; rather, plants survived because winter rains



CHAPTER 4. WATER STORAGE CAPACITY AND DROUGHT RESPONSE 115

0

500

1000

1500

2000

2500

S 
= 

P 
- Q

 - 
ET

 [m
m

; g
re

y 
lin

es
]

an
d 

Q 
[m

m
; b

lu
e 

lin
es

]
Oc

t 1
 - 

Ap
r 1

Dry Creek, no data

0

500

1000

1500

2000

2500

Elder  (11475560), (  = 0.41)

0

500

1000

1500

2000

2500
Sf Eel (11475800), (  = 0.46)

0

500

1000

1500

2000

2500

3000

Mattole R (11469000), (  = 0.41)

0
200
400
600
800

1000
1200
1400
1600

Kelsey  (11449500), (  = 0.35)

0

200

400

600

800

1000

Elder  (11379500), (  = 0.62*)

0

500

1000

1500

2000

2500

3000
Bull  (11476600), (  = 0.59*)

0 1000 2000
P [mm] Oct 1 - Apr 1

0.28

0.29

0.30

0.31

0.32

0.33

0.34

M
ea

n 
su

m
m

er
 E

VI
 [ 

]
Ap

r 1
 - 

Se
p 

30

 = 0.27

0 1000 2000
P [mm] Oct 1 - Apr 1

0.45

0.46

0.47

0.48

0.49

0.50

0.51
 = 0.42

0 1000 2000
P [mm] Oct 1 - Apr 1

0.41

0.42

0.43

0.44

0.45

0.46

 = 0.36

0 1000 2000 3000
P [mm] Oct 1 - Apr 1

0.42

0.44

0.46

0.48

 = 0.34

0 500 1000 1500
P [mm] Oct 1 - Apr 1

0.31

0.32

0.33

0.34

0.35

0.36

 = 0.31

0 250 500 750 1000
P [mm] Oct 1 - Apr 1

0.26

0.27

0.28

0.29

0.30

0.31

0.32
 = 0.52*

0 1000 2000 3000
P [mm] Oct 1 - Apr 1

0.46

0.47

0.48

0.49

0.50

0.51

0.52

 = 0.40

Water year
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016

Figure 4.10: Plots of S and Q vs. winter P (top row) and mean summer EVI vs. winter
P (bottom row), including extreme drought years, for sites classified as storage-capacity
limited for the years 2002 to 2013. In the top row, lines trace the seasonal evolution of both
the dynamic storage (S, grey) and the cumulative winter runoff (Q, blue). Points at the
termini of the S traces are colored by the water year and are paired with the summer EVI in
the bottom row. Squares denote water years after the start of extreme drought (2014, 2015,
2016, and 2017).

exceeded the subsurface storage capacity and replenished storage even in relatively dry years,
consistent with intensive moisture monitoring campaigns throughout the CZ [Rempe and
Dietrich, 2018]. At precipitation-limited sites (e.g., the Big Creek catchment included in
this analysis), the patterns of mortality will depend on the severity of the meteorological
drought and on plant physiological adaptations to water limitation [e.g., the varied ability
of plants to avoid hydraulic failure and carbon starvation in anomalously dry years Adams
et al., 2017].

The transition from rain to snow

As temperatures rise globally, mountains—including the Sierra Nevada in California—will
receive less snow and more rain, likely elevating the role of subsurface storage in determining
ecosystem response to climate variations. In areas where Pleistocene glaciation exposed
fresh bedrock, low subsurface porosity [Klos et al., 2018] combined with loss of snowpack
could lead to storage-capacity limitation. This would result in lower overall summer water
availability that is also decoupled from winter precipitation variations, as similarly suggested
by Smith et al. [2011] in snow-to-rain transitioning watersheds in Idaho. Thus, we would
hypothesize that currently established plant communities adapted to relatively high summer
water supplies afforded by snowpack may die off, and be replaced with plants that are
adapted to lower summer water supplies capped by the subsurface storage capacity. Once
established, this new community may be more resilient to fluctuating winter precipitation
totals, due to the tendency for the limited subsurface storage capacity to be refilled in both
wet and dry winters.
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4.6 Conclusions

Hydrologic analysis of 26 relatively undisturbed basins within Mediterranean-climate areas
of California revealed seven basins that showed a decoupling between annual rainfall and
subsurface water storage. At these sites, annual rainfall variations do not impact storage
because rainfall is typically in excess of subsurface storage deficits. As hypothesized, at each
of these sites summer EVI did not vary with annual rainfall, highlighting a storage-capacity
limitation mechanism that decouples plants from rainfall variability, including droughts.

Models rarely incorporate estimates of storage capacity beyond the soil, primarily due to
lack of accurate, spatially distributed information about the deeper subsurface. Where water
flux data are available, our modeling approach provides a means to quantify the sensitivity of
plants in Mediterranean climates at catchment scales to rainfall variability and water storage
capacity (including rock moisture and groundwater residing in weathered bedrock) without
a priori or posteriori knowledge of that water storage capacity. This reduces the reliance on
estimates of soil properties alone, and the assumption that soil is the only source of water
for transpiration. Our conceptual model may enable identification of plant communities
with a reduced risk of mortality under drought scenarios, and if climate change forecasts
predict significant reduction in precipitation or increase in its variability, the model should
also identify new areas of drought vulnerability.
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Mote, P. W. and Salathé, E. P. (2010). Future climate in the Pacific Northwest. Climatic
Change, 102(1-2):29–50.

Mu, Q., Heinsch, F. A., Zhao, M., and Running, S. W. (2007). Development of a global
evapotranspiration algorithm based on MODIS and global meteorology data. Remote
Sensing of Environment, 111(4):519–536.

Murphy, J. M., Sexton, D. M. H., Barnett, D. N., Jones, G. S., Webb, M. J., Collins, M., and
Stainforth, D. A. (2004). Quantification of modelling uncertainties in a large ensemble of
climate change simulations. Nature, 430(7001):768–772.

National Research Council (2012). Challenges and Opportunities in the Hydrologic Sciences.
The National Academies Press, Washington, DC.

Office of Governor, California (2015). Governor Brown Directs First Ever Statewide Manda-
tory Water Reductions (Newsroom). 00000.

Oshun, J., Dietrich, W. E., Dawson, T. E., and Fung, I. (2016). Dynamic, structured
heterogeneity of water isotopes inside hillslopes. Water Resources Research, 52(1):164–
189. 00001.

Parker, A. J. (1982). The Topographic Relative Moisture Index: An Approach to Soil-
Moisture Assessment in Mountain Terrain. Physical Geography, 3(2):160–168.



BIBLIOGRAPHY 134

Parks Canada (2006a). Recovery Strategy for Multi-Species at Risk in Garry Oak Woodlands
in Canada. Technical report, Parks Canada.

Parks Canada (2006b). Recovery Strategy for Multi-Species at Risk in Maritime Meadows
associated with Garry Oak Ecosystems in Canada. Technical report, Parks Canada.

Pellatt, M. G. and Gedalof, Z. (2014). Environmental change in Garry oak (Quercus
garryana) ecosystems: the evolution of an eco-cultural landscape. Biodiversity and
Conservation, 23(8):2053–2067.

Pellatt, M. G., Hebda, R. J., and Mathewes, R. W. (2001). High-resolution Holocene vege-
tation history and climate from Hole 1034b, ODP leg 169s, Saanich Inlet, Canada. Marine
Geology, 174(14):211–222.

Pellatt, M. G., McCoy, M. M., and Mathewes, R. W. (2015). Paleoecology and fire history
of Garry oak ecosystems in Canada: implications for conservation and environmental
management. Biodiversity and Conservation, 24(7):1621–1639.

Pfister, L., Mart́ınez-Carreras, N., Hissler, C., Klaus, J., Carrer, G. E., Stewart, M. K.,
and McDonnell, J. J. (2017). Bedrock geology controls on catchment storage, mixing,
and release: A comparative analysis of 16 nested catchments. Hydrological Processes,
31(10):1828–1845.

Phillips, N., Bond, B. J., McDowell, N. G., Ryan, M. G., and Schauer, A. (2003a). Leaf area
compounds height-related hydraulic costs of water transport in Oregon White Oak trees.
Functional Ecology, 17(6):832–840. 00047.

Phillips, N. G., Ryan, M. G., Bond, B. J., McDowell, N. G., Hinckley, T. M., and Čermák,
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A. I. J. M., Guerschman, J. P., Keys, P. W., Gordon, L. J., and Savenije, H. H. G. (2016).
Global root zone storage capacity from satellite-based evaporation. Hydrol. Earth Syst.
Sci., 20(4):1459–1481.

Warton, D. I., Wright, I. J., Falster, D. S., and Westoby, M. (2006). Bivariate line-fitting
methods for allometry. Biological Reviews, 81(2):259–291. 00819.

West, A. G., Dawson, T. E., February, E. C., Midgley, G. F., Bond, W. J., and Aston,
T. L. (2012). Diverse functional responses to drought in a Mediterraneantype shrubland
in South Africa. New Phytologist, 195(2):396–407.



BIBLIOGRAPHY 140

West, G. J. (1982). Pollen analysis of sediments from Tule Lake: A record of Holocene
vegetation/climatic changes in the Mendocino National Forest, California. In Proceedings,
Symposium of Holocene Climate and Archeology of Californias Coast and Desert, San
Diego, California.

White, A., Briles, C., and Whitlock, C. (2015). Postglacial vegetation and fire history of the
southern Cascade Range, Oregon. Quaternary Research, 84(3):348–357.

Whittaker, R. H. (1975). Communities and Ecosystems. Macmillan Company, New York, 2
edition.

Williams, C. B., Reese Næsborg, R., Dawson, T. E., and Cavaleri, M. (2017). Coping with
gravity: the foliar water relations of giant sequoia. Tree Physiology, pages 1–15.

Witty, J. H., Graham, R. C., Hubbert, K. R., Doolittle, J. A., and Wald, J. A. (2003).
Contributions of water supply from the weathered bedrock zone to forest soil quality.
Geoderma, 114(34):389–400.

Woodruff, D. R., Mcculloh, K. A., Warren, J. M., Meinzer, F. C., and Lachenbruch, B.
(2007). Impacts of tree height on leaf hydraulic architecture and stomatal control in
Douglas-fir. Plant, Cell & Environment, 30(5):559–569.

Woodward, F. I. (1987). Climate and Plant Distribution. Cambridge University Press.
Google-Books-ID: 0Ld1h0MT3oIC.

Xu, L. and Baldocchi, D. D. (2003). Seasonal trends in photosynthetic parameters and
stomatal conductance of blue oak (Quercus douglasii) under prolonged summer drought
and high temperature. Tree Physiology, 23(13):865–877. 00233 PMID: 14532010.

Yang, D., Goodison, B. E., Metcalfe, J. R., Golubev, V. S., Bates, R., Pangburn, T., and
Hanson, C. L. (1998). Accuracy of NWS 8” Standard Nonrecording Precipitation Gauge:
Results and Application of WMO Intercomparison. Journal of Atmospheric and Oceanic
Technology, 15(1):54–68.

Yang, H., Yang, D., Lei, Z., and Sun, F. (2008). New analytical derivation of the mean
annual water-energy balance equation. Water Resources Research, 44(3):W03410.

Yang, Y., Long, D., Guan, H., Scanlon, B. R., Simmons, C. T., Jiang, L., and Xu, X.
(2014). GRACE satellite observed hydrological controls on interannual and seasonal vari-
ability in surface greenness over mainland Australia. Journal of Geophysical Research:
Biogeosciences, 119(12):2245–2260.

Young, D. J. N., Stevens, J. T., Earles, J. M., Moore, J., Ellis, A., Jirka, A. L., and Latimer,
A. M. (2017). Long-term climate and competition explain forest mortality patterns under
extreme drought. Ecology Letters, 20(1):78–86.



BIBLIOGRAPHY 141

Zack, S., Chase, M. K., Geupel, G. R., and Stralberg, D. (2005). The Oak Woodland Bird
Conservation Plan: A Strategy for Protecting and Managing Oak Woodland Habitats and
Associated Birds in California. In Bird Conservation Implementation and Integration in
the Americas: Proceedings of the Third International Partners in Flight Conference. 2002
March 20-24; Asilomar, California, Volume 1, Gen. Tech. Rep., pages 20–24. USDA Forest
Service.

Zaerr, J. B. (1983). Short-term flooding and net photosynthesis in seedlings of three conifers.
Forest Science, 29(1):71–78. 00061.

Zanardo, S., Harman, C., Troch, P., Rao, P., and Sivapalan, M. (2012). Intraannual rainfall
variability control on interannual variability of catchment water balance: A stochastic
analysis. Water Resources Research, 48(6).

Zunzunegui, M., Boutaleb, S., Barradas, D., C, M., Esquivias, M. P., Valera, J., Juregui,
J., Tagma, T., and Ain-Lhout, F. (2018). Reliance on deep soil water in the tree species
Argania spinosa. Tree Physiology, 38(5):678–689.

Zweifel, R., Zimmermann, L., Zeugin, F., and Newbery, D. M. (2006). Intra-annual radial
growth and water relations of trees: implications towards a growth mechanism. Journal
of Experimental Botany, 57(6):1445–1459.

Zwieniecki, M. A. and Newton, M. (1996). Seasonal pattern of water depletion from soilrock
profiles in a Mediterranean climate in southwestern Oregon. Canadian Journal of Forest
Research, 26(8):1346–1352.


	Contents
	List of Figures
	List of Tables
	Introduction
	Oak's response to water limitation
	Abstract
	Introduction
	Methods
	Results
	Discussion
	Conclusions
	Acknowledgements

	Critical zone water storage capacity controls plant distribution
	Abstract
	Introduction
	Site description
	Methods
	Results
	Discussion
	Conclusions
	Acknowledgements

	Water storage capacity and drought response
	Abstract
	Introduction
	Model development and catchment water balance methodology
	Winter water balance and summer plant sensitivity to variable precipitation
	Discussion
	Conclusions
	Acknowledgements

	Bibliography



