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Abstract. The composition of forests in Western North America is changing. The decline in the shadeintolerant 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
Formation 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 sapﬂow. Sapﬂow 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 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.
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INTRODUCTION

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

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
❖ www.esajournals.org
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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.

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 2016), 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 specieslevel traits that prolong functioning in drought
(McDowell et al. 2008, Allen et al. 2010, Bartlett
et al. 2012 and 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-Americancontact 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, and 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 progressively dries. As turgor is generally required
for hydraulic function, there is a tendency for
❖ www.esajournals.org

Quercus garryana range
Within Q. garryana’s naturally occurring range
(Fig. 1), annual average precipitation increases
more than tenfold, from <170 mm in the Tehachapi Mountains of southern California 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. garryana’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
(Fig. 1) Pseudotsuga menziesii can outcompete
Q. garryana in ﬁre-excluded areas, and the observation that many Q. garryana woodlands and
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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 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 elevations. Elevation contour labels in meters above sea level; white-outlined numbers show the location of study
trees (see Table 1).

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, 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

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
❖ www.esajournals.org
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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.

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 2006a, b, 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. 2017b), the
Q. garryana stands at our study site are not
experiencing invasion by P. menziesii (Hahm
et al. 2017c). 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 sapﬂow, 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 sapﬂow at low water potentials (< 4 MPa in
leaves), at times when neighboring P. menziesii
❖ www.esajournals.org

METHODS
Site description
The study site, Sagehorn, is located in the Middle Fork Eel River watershed in the Northern
California Coast Ranges and is part of the
National Science Foundation-supported Eel
River Critical Zone Observatory (Fig. 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 the
inﬂuence of subsurface weathering proﬁles on
hydrologic runoff pathways and regional forest
distribution (Hahm et al. 2017b), oak water sourcing dynamics as inferred via stable isotopes
(Hahm et al. 2017a), dynamic hillslope water
storage (Dralle et al., in press), and the extent of
dry-season wetted stream channels (Lovill et al.,
in press).
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 melange, a
chaotic metasedimentary belt of the Franciscan
Formation 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 melange is argillaceous and encompasses coherent blocks of greywacke, chert, and
minor high-grade metamorphics and ultramaﬁcs
(Blake and Jones 1974, Cloos 1982). Formerly
active earthﬂows are common at the site, but the
study trees are situated close to the local topographic divide, above relict earthﬂow topography (Fig. 1).
Soils at the site are classiﬁed as mollisols (Rittiman and Thorson 2001). Near the study trees, a
4
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woodland on the paired north-facing slope
(Fig. 1). The trees ranged from 20 to 65 cm diameter at breast height (see Table 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 (Fig. 1;
Appendix S1: Fig. S1). The study trees, like most
of the Q. garryana at the site, are variably colonized by evergreen American mistletoe (Phoradendron leucarpum subsp. Tomentosum).

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 melange 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 widespread saturation overland ﬂow in the winter
wet season (see descriptions in Hahm et al.
2017b and Lovill et al., in press).
Vegetation and study trees.—The site is characterized by heterogeneous vegetation communities.
Areas underlain by predominantly melange
matrix are commonly grassland–savannah (on
south-facing slopes) and woodland (on northfacing slopes). The herbaceous groundcover is
primarily annual and non-native. Quercus
garryana is the dominant woodland/savannah
species, with occasional California buckeye
(Aesculus californica) and California 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. 2017c). Large sandstone blocks at the site
support dense forests of Douglas ﬁr and Paciﬁc
madrone (Arbutus menziesii). These vegetation
assemblage patterns correlate with differences in
seasonal water storage capacity controlled by the
contrasting thickness and porosity of the subsurface weathered bedrock (Hahm et al. 2017b).
We chose small representative groups of
monospeciﬁc stands of Q. garryana developed on
the melange for intensive study, and to account
for possible effects of aspect, selected a stand from
a savanna on a south-facing slope and from
❖ www.esajournals.org

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 (Fig. 1). The station
records precipitation (Hyquest TB4), temperature
and relative humidity (Vaisala HMP50-L, Vantaa,
Finland), wind speed and direction (RM Young
Wind Monitor 05103-L), total solar radiation (LiCor 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
5
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Table 1. Study tree characteristics.

Tree ID Slope
(tag #) aspect
1
3
4
5
165
166
167
168

South
South
South
South
North
North
North
North

Diameter Average
Height
at breast canopy (m; impulse
Height
height
radius
laser–
(m; LIDAR–
(cm)
(m)
inferred)
inferred)
65.7
33.8
52.0
45.6
32.5
19.7
36.0
41.4

5.6
4.6
7.4
5.1
3.4
3.0
4.9
3.5

12.89
6.18
13.35
10.15
11.8
7.3
11.02
3.58

12.7
5.4
11.3
9.5
13.3
9.3
8.8
7.5

UTM N
(m)

UTM E
(m)

4,379,867.1
4,379,848.9
4,379,849.0
4,379,848.2
4,379,982.0
4,379,982.3
4,379,972.8
4,379,972.6

459,361.0
459,340.3
459,346.4
459,346.4
459,407.7
459,406.5
459,403.4
459,402.5

Piston
Sapﬂow dendrometer
y
–
y
y
–
–
y
–

y
–
y
–
y
–
–
–

Leaf
Pre-dawn
pressure–
& mid- Leaf volume
day Ψ
K
curve
y
y
y
y
–
y
y
y

y
–
y
y
–
y
y
y

y
–
y
y
–
y
y
y

Notes: “y” indicates that the designated measurement was made or sensor was installed on this tree. The dash denotes lack of measurement
or sensor.

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.

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 predawn and mid-day Ψ for individual trees.
Interpretation of pressure chamber values.—Predawn Ψ is considered diagnostic of subsurface
water availability within the rhizosphere, subject
to two factors that tend to bias this interpretation
in opposite directions: (1) to the extent that sapﬂow 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
(Ameglio 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.

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 (e, 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 e 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

Stem vs. leaf potential

In order to determine the magnitude of the Ψ
drop between stem and leaf, we maintained
❖ www.esajournals.org
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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 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 abscissaintercept of 1/Ψ vs. 1 RWC post-turgor loss.
We calculate e (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 abscissaintercept in a plot of pre-turgor loss ΨP vs. ΨS. We
calculated absolute area-normalized leaf capacitance C (mmolm 2MPa 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).

instrumented with sapﬂow 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
(mmolm 2s 1MPa 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 mmolm 2MPa 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.

Sapflow
We measured trunk sapﬂow every half hour
from midsummer 2015 to fall 2016 on four trees
(Table 1) with copper–constantan thermocouples
at 12.5 mm depth into the sapwood (ICT International Pty, sensor model HRM30, Armidale, Australia; see Marshall 1958). 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 sapﬂow may occur due to non-negligible
VPDs; at higher humidity, dew may condense on
leaves, resulting in rehydration and sapﬂow
toward roots. At these times, we take the median
sapﬂow velocity for each sensor to be the true
zero ﬂow rate. We then employed the correction
procedure for the heat-ratio method outlined in

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
❖ www.esajournals.org
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Burgess et al. (2001) to rescale all datapoints to
the zero ﬂow rate, assuming a thermal diffusivity
of 2.5 9 10 3 cm2/s. To compare trends in the
seasonal and diurnal patterns in sapﬂow
between trees in relation to subsurface water
availability and leaf water potential, we normalized all sapﬂow 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 sapﬂow 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 sapﬂow throughout
the measurement campaign in relation to environmental variables. We also determined the seasonality of total sapﬂow for each tree by
summing normalized sapﬂow 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 sapﬂow pattern
by averaging the normalized daily sapﬂow pattern by month, then averaging across all trees.

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.

RESULTS
All terms, symbols, and units are deﬁned in
Table 2.

Weather
The rain gauge recorded 1976 mm of precipitation in the 2016 water year (Fig. 2). 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
Table 2. Symbols, units, and terms.
Symbol

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 lm; see Zweifel
et al. 2006) on trunks, adjacent to the sapﬂow
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 lm to ﬁlter occasional
sensor noise. We show the time series during the
2016 growing season of the three trees that did
❖ www.esajournals.org
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Units

Term

K

mmolm MPa s

C

mmolm 2MPa

TLP
Ψ
ΨS
ΨS100

MPa
MPa
MPa
MPa

ΨP
e

MPa
MPa

RWCtotal

(decimal)

RWCsym

(decimal)

AWF
A
SLA

(decimal)
cm2
m2/kg

LMA

g/m2

2

May 2018

1

1

1

Leaf hydraulic
conductance
Leaf hydraulic
capacitance
Turgor loss point
Water potential
Osmotic potential
Osmotic potential at
full turgor
Pressure potential
Symplastic cell wall
modulus of elasticity
Total leaf relative water
content
Leaf symplastic relative
water content
Apoplastic water fraction
One-sided leaf area
Speciﬁc leaf one-sided
area
Leaf mass per one-sided
area
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Fig. 2. Time series of (a) pre-dawn and mid-day shoot Ψ, (b, c) climate, and (d) sapﬂow in mature Quercus garryana. Sapﬂow 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 sapﬂow during winter
when Q. garryana lacks leaves in (d) is attributable to evergreen mistletoe.
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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.

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 droughtdeciduous behavior in four years of observation
(2014–2017); instead, most leaves typically fall
after the ﬁrst signiﬁcant wet-season rains.

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 Appendix S1:
Fig. S2; parameters for all leaves are summarized
in Table 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 too close to the
TLP at the start of measurement. The average
TLP for all measurements was
3.61 MPa
(Table 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

Tree water potential

Seasonal pattern.—Pre-dawn shoot Ψ declined
throughout the 2016 growing season (Fig. 2),
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 of
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.—Fig. 3 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.—Fig. 4 shows a sharp
drop (~1.2 MPa) between leaf and stem Ψ at midday. Mid-day shoot Ψ lies between leaf and stem
Ψ, and is closer to leaf Ψ than stem Ψ (Table 3),
❖ www.esajournals.org

Fig. 3. Pre-dawn vs. mid-day shoot Ψ of individual
mature Quercus garryana, color-coded by measurement
month in the 2015 and 2016 growing seasons. November measurements taken after return of wet-season
rains in 2016. The diagonal dashed lines show 1, 2,
and 3 MPa isopotential gradients for reference.
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Fig. 4. 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 1 and
site map in Fig. 1).

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, e 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.

Sapflow

Diurnal trends.—Sapﬂow exhibits a common
diurnal pattern throughout the primary growing
season (May–September; Fig. 6 shows composite
monthly averaged patterns across all trees). At
pre-dawn sap ﬂows in the trunk, from an April
average of ~5% of the maximum, increasing to
12% during the driest, hottest month of the year.
Sapﬂow 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 sapﬂow rebounds
to a daily peak in the mid-afternoon in the summer months between 70% and 90% of the maximum recorded sensor value. With decreasing
sunlight, sapﬂow declines at a lower rate than
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).
Table 3. Comparison of Ψ along the subsurface–plant–
atmosphere continuum on two dry-growing season
days.

Leaf hydraulic conductance (K)

K decreased with decreasing leaf Ψ in a sigmoidal fashion (Fig. 5). A Weibull-type vulnerability curve ﬁt to the data indicates that the
maximum K is 13.7 mmolm 2MPa 1s 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.
❖ www.esajournals.org

Ψ ( MPa, average  standared
error of the mean)
Parameter

25 July 2016

26 August 2016

Pre-dawn shoot
Mid-day stem
Mid-day shoot
Mid-day leaf

0.94  0.14 (n = 20)
2.38  0.10 (n = 6)
3.21  0.12 (n = 21)
3.66  0.09 (n = 6)

2.53  0.33 (n = 17)
3.03  0.23 (n = 6)
3.86  0.19 (n = 15)
4.14  0.19 (n = 6)

Note: n refers to total number of samples measured across
multiple individual trees.
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Table 4. Leaf metrics derived from pressure–volume (PV) curve experiments on mature Quercus garryana individuals, across sampling days and hydration status.
Day and
hydration
status

n

22 June 2016
Rehydrated
7
26 July 2016
Non5
rehydrated
Rehydrated
5
17 September 2016
Non2
rehydrated
Rehydrated
5
All leaves
24

Dry mass (g)

A (cm2)

0.45  0.15

ΨS100 (MPa)

e (MPa)

RWCsym
@TLP

SLA (m2/kg) LMA (g/m2)

TLP (MPa)

43.3  18.9

9.40  1.97

110.1  21.1

3.44  0.32

2.94  0.35 20.0  5.6 0.20  0.16 0.85  0.03

0.40  0.08

33.4  9.3

8.30  1.38

123.0  18.3

3.67  0.44

2.74  0.21 10.5  1.7 0.18  0.04 0.75  0.04

0.36  0.14

32.0  9.1

9.38  1.64

109.4  19.8

3.28  0.52

2.84  0.46 21.6  6.7 0.08  0.24 0.86  0.03

0.42  0.07

35.0  5.7

8.25  0.03

121.2  0.4

4.26  0.25

3.06  0.52 10.4  5.8 0.07  0.03 0.72  0.08

0.45  0.13
0.42  0.12

35.8  10.5
36.6  12.8

7.95  0.85
8.77  1.54

126.9  13.8
117.1  18.2

3.85  0.23
3.61  0.45

3.17  0.10 17.9  2.4 0.20  0.02 0.82  0.03
2.93  0.34 17.1  6.3 0.16  0.14 0.81  0.06

AWF

Notes: Mean  1 standard deviation. See Table 2 for abbreviations.

its relatively small leaf area suggests its contribution should be minimal.

A slow monotonic decline continues until dawn.
In April and October, which bookend the growing season, sapﬂow 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 sapﬂow coincided
with increasing leaf area, and late-season (October–November) declines in sapﬂow coincided
with leaf loss. During the months of highest
photosynthetically active radiation, from the
beginning of May through mid-September, sapﬂow returned to near its maximum recorded
value for each tree each day but declined in
response to short-duration (1–3 d) storms
(Fig. 2). Total sapﬂow (which is directly correlated with total transpiration) reached a peak in
midsummer (Fig. 7), when atmospheric moisture demand was highest and subsurface water
availability was low, as indicated in the VPD
and pre-dawn Ψ time series (Fig. 2). High sapﬂow 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-day water potentials
declined (Fig. 3). In the winter wet season, sapﬂow continued on leaﬂess trees parasitized with
evergreen mistletoe on warm, dry days (Fig. 2),
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 sapﬂow in summer, although
❖ www.esajournals.org

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; Fig. 8). Rain in April and May as well
as October abruptly increased radial size, which
then shrunk slowly over the course of a few
days.
Diurnal trends.—Each day, the sapwood, cambium, and inner bark increase in size until early

K = 13.7e
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Fig. 5. Leaf hydraulic vulnerability curve shows
decline in the leaf hydraulic conductance (K) as leaf
water potential (Ψ) declines.
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Fig. 6. Average diurnal sapﬂow pattern across each month of the 2016 growing season. Sapﬂow is high in the
dry-season summer months, continues at night, and exhibits a mid-day depression. Closer to the solstice, the
onset of sapﬂow 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 sapﬂow did not reach the minimum or maximum recorded.

Together, the data lead us to conclude that
Q. garryana is an exceptionally water-limitationtolerant species that will be favored in the presently warming climate.
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Here, we discuss the interacting environmental and physiological factors that regulate Quercus garryana’s water relations. We contrast our
ﬁndings with previously published reports 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.

Tree ID
80

emb

DISCUSSION

100

N ov

Sapflow, relative to max. month (%)

dawn, then begin to shrink as the sun rises, until
late afternoon when they begin to increase again
through the night (Fig. 9). Net positive radial
size increases of 20 lm/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
Fig. 8. The daily amplitude of radial size change
increases from 10 lm in the early spring to
25 lm in the late summer months. The dendrometers recorded continual size changes, with
no month exhibiting a time of day when radial
size remained constant.

Fig. 7. Total integrated sapﬂow per month, normalized to the maximum month recorded by each sensor.
Sapﬂow peaks during the summer months with greatest insolation in spite of negligible precipitation.
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Fig. 8. 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 Fig. 9) 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).
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Fig. 9. 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.
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Water potential

consistent with the observation of greenhousegrown Q. garryana seedlings maintaining 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 DΨ (>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, Martınez-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 3). Continuity of sapﬂow 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 dramatically
at low leaf Ψ (Fig. 5). 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 leafspeciﬁc 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

Relatively high and uniform pre-dawn Ψ in May
likely reﬂect access to shallow groundwater. Predawn Ψ slowly declined for three months from the
beginning of May and remained above 1 MPa in
late July on average (Fig. 2). One month later, predawn 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).
Sitewide 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  standared 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. (2017b).
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 15yr-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
sapﬂow indicates that in this particular environment stomata remain open, enabling carbon
assimilation in desiccating conditions. This is
❖ www.esajournals.org
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than e across most of the leaves studied here.
However, because e 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 e, particularly as it approached values
<10 MPa (Fig. 10). This effect was most pronounced between non-rehydrated and rehydrated leaves, with rehydrated leaves exhibiting
a stiffening of the cell wall (increasing e) and consequently a diminishing effect on TLP.
Sustained sapﬂow and stomatal opening at Ψ below
the TLP.—We observed high sapﬂow in late summer (Fig. 7) as pre-dawn shoot Ψ dropped below
3.6 MPa and mid-day shoot Ψ dropped below
4.5 MPa (Fig. 3). Leaves experienced even
lower Ψ (Table 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

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
e (elasticity; 13.5 MPa). This is because a
decrease in either ΨS100 or e lowers the TLP,
as described by Bartlett et al. (2012): TLP =
(e ΨS100)/(e + ΨS100) (depicted graphically by the
contour plot in Fig. 10). Bartlett et al. (2012)
found that the TLP is more sensitive to changes
in ΨS100 than e 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 e. Furthermore, in a global
meta-analysis of biomes associated with different
water supplies, Bartlett et al. (2012) found that
adjustments in ΨS100, and not e, 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
Appendix S1: Fig. S2), except at very low TLP
(Fig. 10 inset plot). Furthermore, an equivalent
change in ΨS100 has a much larger effect on TLP
❖ www.esajournals.org

Fig. 10. The turgor loss point (TLP; labeled contours) as a function of ΨS100 and e, based on the analytical formulation of Bartlett et al. (2012). The TLP is
more sensitive to ΨS100 than e for a given 1 MPa
change in either term, but e 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 Methods section and illustrated
in Appendix S1: Fig. S2 compared to analytical prediction of Bartlett et al. (2012) as a function of ΨS100 and e.
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southwest Australia, and Meinzer et al. (2016)
documented Q. garryana seedlings with predawn Ψ < 4 MPa and mid-day Ψ nearing
6 MPa (Meinzer et al. 2016: Figure S4), with a
TLP of  3.45 MPa (Meinzer et al. 2016: Figure 4). Farrell et al. (2017) concluded that waterlimitation-tolerant plants can keep stomata open
at Ψ lower than the TLP. Continued sapﬂow at Ψ
lower than the TLP suggests that (1) leaf stomata
remain open and sapﬂow 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 predawn 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 sapﬂow at predawn 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 (Appendix S1:
Fig. S3). Large changes occurred in important
leaf metrics like RWCsym @ TLP and e between
rehydrated and non-rehydrated leaves, suggesting that further, difﬁcult-to-detect changes may
occur as leaves near the TLP.

and leaf (Table 3), so that declining K may not
inhibit leaf function due to the compensatory
effect of a larger Ψ gradient across the leaf.

Sapflow dynamics
The Q. garryana studied here maintained high
rates of sapﬂow 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 coincides with high
incoming photosynthetically active radiation,
thereby promoting carbon acquisition. This
behavior contrasts with the seasonal timing of
transpiration of the codominant 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 sapﬂow during the summer in Q. douglasii (which is
genetically similar to Q. garryana), with integrated sapﬂow similar to the seasonal cycle we
observed (Fig. 7). Fisher et al. (2007) also
observed nighttime sapﬂow which they attributed to transpiration. That nighttime sapﬂow was
strongly correlated with VPD, consistent with
the observations in this study. Pre-dawn sapﬂow
can remain at >20% of the maximum on nights
when VPD remains high (Fig. 2). The only other
studies to our knowledge presenting time series
of sapﬂow 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 sapﬂow 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 remarkably different responses to declining soil moisture
and increases in VPD: In the summer, after a rain
event, sapﬂow 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

Leaf hydraulic conductance (K)

Reductions in K with declining leaf Ψ like
those in Fig. 5 are common in many species, but
the precise mechanisms of K loss and recovery
and the consequences for sapﬂow 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 sapﬂow 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
❖ www.esajournals.org
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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 sapﬂow 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 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 Fig. 9
of increasing diurnal amplitudes.

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). This highlights 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.

Volumes of stored water in the tree
We can estimate minimum daily trunk water
storage by assuming the ~60 lm average diurnal
radial change in sapwood, cambium, and inner
bark of trees (Fig. 9) 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 4 results in ~40,000 leaves.
Given the average daily shoot Ψ change from
pre-dawn to mid-day of 1.6 MPa (Fig. 3, and we
note that the diurnal leaf change would be
higher), and an average leaf DH2Omass/DΨ before
the TLP across all leaves of 0.019 g/MPa from the
PV curves (available in Data S1), 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 sapﬂow went exclusively to tissue rehydration rather than transpiration, stored water would contribute ~20–30% of

Growth and water storage dynamics inferred from
piston dendrometers
The radial changes in Figs. 8 and 9 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). Sapﬂow remains high
after sapwood growth stops (compare Figs. 6 and
8), 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 Fig. 9 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
❖ www.esajournals.org
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the daily transpiration stream, based on the integral of diurnal sapﬂow curves in Fig. 6. This
rehydration–transpiration partitioning estimate
is not unreasonable; in a study of Q. douglasii,
Fisher et al. (2007) found that ~70% of nocturnal
sapﬂow went to rehydration.

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 temperatures 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 Cascade 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.

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 Salathe 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 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 climatedistribution studies, and ﬁnally compare and
contrast the ecophysiology of the species in light
of the new ﬁndings in this study.

Modern climate and ecology
Temperature in the 20th century increased by
~0.6°–0.8°C in the Paciﬁc Northwest (Abatzoglou
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 sensitivity 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 models that
incorporate biogeographical patterns, future climate change projections, and ﬁre disturbance
predict an expansion of northern oak woodlands
into Douglas ﬁr–tanoak forest in Northwestern

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 2015). For example, in the Sierra
Nevada, oak range expanded from 10,000 to
5000 yr before present, coincident with a warming
climate (Byrne et al. 1991), and in the Northern
❖ www.esajournals.org
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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 Dietrich 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 positively 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 waterlogged 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 precipitation 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.

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.
2017b), P. menziesii sapﬂow 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 sapﬂow declines in
P. menziesii than Q. garryana through the dry season in Washington and Oregon.
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.

Pseudotsuga menziesii ecophysiological
comparison

CONCLUSION

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

At our Sagehorn study site, thin soils and a
shallow weathered-bedrock zone over an impermeable melange bedrock lead to limited winter
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water storage and thus limited growing season
water availability, despite annual precipitation of
~1800 mm. Our intensive ﬁeld measurements 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
transpiration 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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