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Abstract
Water Dynamics in Giant Trees
by
Cameron B. Williams
Doctor of Philosophy in Integrative Biology
University of California, Berkeley

Professor Todd E. Dawson, Chair

The Earth’s tallest trees tend to grow in geographic regions where water is abundant. An
abundance of water in the environment, however, does not by itself enable trees to overcome
several inherent challenges with being tall. First, water must be transported over very long
distances through tiny conduits, and it adheres to their inside walls. Thus, the progress of water
flow is impeded by hydraulic resistance that may accumulate with longer transport distances.
Second, gravity pulling down on the water imparts a tension that increases with height in tree at a
rate of —0.01 MPa m™!. Therefore, water inside foliage and branches at the top of a 100 m tall
tree is under far more tension than foliage emerging from the base, yet normal physiological
processes still occur. Third, environmental conditions become increasingly desiccating with
height in forest canopy. Relative humidity decreases while sunlight, wind speed, and vapor
pressure deficit increase along this vertical gradient. The strategies trees use to overcome these
three challenges in part enable them to grow so tall. In order to improve our understanding of
the limits to tree height growth, I studied the mechanisms by which tall trees cope with these
height-related constraints, using the conifers coast redwood (Sequoia sempervirens (D. Don)
Endlicher) and giant sequoia (Sequoiadendron giganteum (Lindley) J. Buchholz) as well as the
angiosperm mountain ash (Eucalyptus regnans F. von Mueller).

In Chapter 1, I explored two mechanisms that trees use to compensate for the
accumulation of hydraulic resistance with height growth. The first mechanism is varying the
diameters of the conduits with height in tree according to a theoretical model, wherein a series of
conduits from tree top to base widens at a specific minimum rate that is maintained throughout
height growth. The premise is based in fluid dynamics. An elongating series of cylindrical
conduits with constant diameter is hydraulically less efficient than the same elongating series
that also widens. I tested this model in exceptionally tall individuals of coast redwood, giant
sequoia, and mountain ash. Data matched the theoretical predictions. However, a decelerating
rate of conduit widening was observed in the bottom one-third of the trees suggesting a limit to
this hydraulic compensation mechanism that I interpreted as an optimization of carbon
investment for a given hydraulic benefit. The second mechanism is a whole-tree increase in the
amount of sapwood that provisions the leaves. Across a large range of tree sizes, | quantified the
rate of accumulation of sapwood relative to leaf area using data available from the literature.
Sapwood accumulated at a faster rate than leaf area in the conifers but the rates were equivalent
in mountain ash. Sapwood and leaves serve water supply and demand roles, but they are also
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carbon sinks and sources, respectively. I therefore interpreted these results as hydraulic
compensation in the conifers that may limit height growth due to carbon balance constraints,
whereas the mountain ash appeared to have additional height growth potential. Limits to these
two compensation mechanisms may thus be imposed by carbon balance constraints that limit tree
height growth.

Chapter 2 investigates water relations of the foliage of giant sequoia, to determine how
foliage remains adequately hydrated against height-related constraints. Together with coauthors
Rikke Reese Nasborg and Todd E. Dawson, I generated pressure-volume curves on foliage
collected crown-wide from 12 large giant sequoia trees up to 95 m tall, to identify the tissue-
level drivers responsible for maintenance of sufficient turgor pressures and water contents both
with height tree and over time as the dry season progressed. Hydraulic capacitance was about
twice as large as reported for other tree species. Maintenance of turgor pressure in all parts of
the trees was accomplished by increases in tissue osmotica with height that depressed the turgor
loss point at a rate equivalent to the gravitational potential gradient. High relative water contents
were sustained with height by building structurally stiffer tissues as well as carrying an increased
proportion of water in the symplasm versus apoplasm. Seasonal increases in the fraction of
apoplastic water were important for maintaining physiological function when water in the
environment may have been more limiting. This suite of foliar water relations traits permits
minimum midday water potentials to operate close to the turgor loss point and may also enable
the Earth’s largest tree species to survive short-term drought.

In Chapter 3, I quantify the importance of stem water storage in tall giant sequoia. Water
storage in trees is known to contribute substantially to daily transpiration to extend physiological
function, but does gravity dampen the dynamics of water storage with height? In the top 5 to 6
m of tall giant sequoia trees I collected detailed architectural information and installed automated
sensors that monitored diurnal fluxes in sap flow, stem diameter, and water potential. To provide
context for water use at the tree tops, I also installed sap flow gauges at the tree bases.
Unsurprisingly, larger stems released larger volumes of stored water. However, tree top water
storage contributed a tiny fraction of daily transpired water, and hydraulic capacitance was
similarly low, supporting the hypothesis that chronically low water potentials dampen the water
storage dynamics with height in tall trees. Lag times among the sensors indicated that a large
portion of the stored water was expressed from live secondary phloem tissues of the inner bark.
Despite the reliance on seemingly small volumes of stored water, whole-tree sap flow exceeded
3000 L d!, which is the highest daily water budget reported for any tree on Earth.

These studies together underscore how water use and management in giant trees is truly
dynamic over space and time. Over a tree’s lifetime, modifications to sapwood anatomy and
volume foster efficient water movement along the entire flow path. Seasonal shifts in the
compartments where foliar water is held may extend physiological processes during dry periods.
The physiological consequences of daily swings in atmospheric conditions are controlled by
tissue osmotic and elastic properties, as well as the release of stored water to the transpiration
stream. Each of these dynamics varies along a tree’s vertical profile to compensate for height-
related constraints and enables the tallest trees to support functional leaves well beyond 100 m
above the ground.
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CHAPTER 1

Constraints on hydraulic compensation in the Earth’s tallest trees

ABSTRACT

Hydraulic limitations to tree height growth may be mitigated by basipetal conduit
widening and by increasing investment in the amount of sapwood relative to leaf area (LA).
However, limits to conduit size may restrict basipetal widening, and maintaining an
increasing ratio of carbon investment into plumbing versus photosynthetic capacity is
unsustainable. These hydraulic compensation mechanisms may therefore become
progressively constrained with height growth. In the conifers Sequoia sempervirens and
Sequoiadendron giganteum and the angiosperm Eucalyptus regnans, axial variation in
conduit diameter was measured to assess size limitations. I also quantified proportional
increases in LA and sapwood volume (SV) across a broad range of tree sizes to evaluate
carbon balance constraints. Conduits widened basipetally at a decelerating rate consistent
with hydraulic compensation, but approached an asymptote well above the ground. With
increasing tree size, SV accumulated at a faster rate than LA in the conifers, while in
Eucalyptus this relationship was isometric. Conduit size in exceptionally tall trees may be a
constraint for maintaining an efficient hydraulic system. In the conifers, an increased
investment in SV versus LA suggests an imbalanced carbon budget that limits height growth,
while the Eucalyptus appeared to maintain height growth potential.

INTRODUCTION

As trees grow taller, their rates of height growth decrease. The hydraulic limitation
hypothesis (Ryan & Yoder, 1997) proposed that taller trees experience slower height growth
due to two compounding factors: (1) the greater effect of the gravitational potential gradient
that imposes —0.01 MPa per meter of height, and (2) longer water transport paths and thus
more hydraulic resistance (r) through the xylem conduits. Both factors constrain height
growth via reduced minimum leaf water potentials that inhibit turgor pressure (Woodruff et
al., 2004), leaf expansion (Oldham et al., 2010), and photosynthesis (Tezara et al., 1999).
Indeed, maximum height in the tallest conifers Sequoia sempervirens and Pseudotsuga
menziesii, as estimated via limits to shoot functional characteristics imposed by gravity and r,
were consistent with historical height records (Koch et al., 2004; Domec et al., 2008).
Evaluation of the hydraulic limitation hypothesis revealed compensation mechanisms that
mitigate the accumulation of » with tree height growth, including varying the dimensions of
the xylem conduits along the hydraulic pathway (Anfodillo ef al., 2013) and adjusting the
relative investments in hydraulic supply versus transpirational demand (Ryan et al., 2006),
but constraints on these two mechanisms have not been evaluated in the Earth’s tallest trees.

Contrary to the pipe model where the diameters of xylem conduits are constant along
a tree’s hydraulic pathway (Shinozaki et al., 1964), it has long been known that each conduit
in the series is slightly wider than the next, such that the series widens basipetally (i.e.,
increases in diameter towards the roots; Sanio, 1872; Fegel, 1941; Zimmermann, 1978).
Because increasing diameter so strongly affects r relative to increasing path length as
described by laminar flow in the Hagen-Poiseuille equation (Tyree & Zimmermann, 2002),
basipetal conduit widening is an effective compensatory mechanism that mitigates the
increase of 7 with tree height growth (Anfodillo ez al., 2013). Although water typically
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travels distally along the plant hydraulic pathway, I prefer the term ‘basipetal widening’ to its
synonym ‘acropetal tapering’ because it is possible to add conduits in series without
generating much extra r as long as the new conduits are wider than those to which they are
connected.

Basipetal conduit widening is also a central tenet of metabolic scaling theory (MST),
a theoretical framework mechanistically linking organism size to individual, community, and
ecosystem attributes (West et al., 1999). For individual vascular plants adhering to MST,
metabolic processes are optimized if certain assumptions—a volume-filling, fractal-like
hierarchical branching architecture; invariantly sized leaves; uniform biomechanical
constraints; and minimization of »—are met (Enquist, 2002). This framework yielded the
prediction that basipetal conduit widening should follow a power function with a
characteristic exponent (Anfodillo et al., 2006),

D=qa L (Equation 1)

where D = conduit diameter, L = distance from tree top, o = scaling coefficient (i.e., y-
intercept), and B = scaling exponent (i.e., slope). The rate of basipetal widening is described
by B. A zero value indicates conduits of uniform diameter while larger values indicate
greater rates of widening. At f>0.20, » becomes nearly independent of L (Anfodillo et al.,
2006). Therefore, p=0.20 can be considered a minimum threshold above which metabolic
efficiency may be maintained throughout tree height growth (Enquist, 2003).

An important implication of MST is that a tree could grow taller without
accumulating much additional », which is inconsistent with the hydraulic limitation
hypothesis (Ryan & Yoder, 1997). Due in part to several challenging assumptions
(Koztowski & Konarzewski, 2004) MST has been vigorously debated (Coomes, 2006;
Martinez del Rio, 2008), and its underlying premise has even been questioned (Glazier,
2015). Despite some skepticism about a specific threshold for basipetal conduit widening to
minimize hydraulic resistance with height growth (e.g., Hacke et al., 2016; Pfautsch, 2016),
axial variation in conduit diameter across broad array of woody angiosperms and conifers fits
well to a power function and yields § converging to about 0.20 (Anfodillo et al., 2013).
Correct or not, attention to MST has elucidated several functional implications of axial
variation in conduit dimensions. Basipetal conduit widening cannot fully render
independent of hydraulic path length (Mékeld & Valentine, 2006), but it does compensate by
reducing the accumulation of » (Becker et al., 2000). However, it concentrates the vast
majority of » toward a tree’s top where conduits are narrowest (Tyree & Zimmermann, 2002;
Petit et al., 2008, 2010). In addition, larger  values (e.g., 0.30) markedly reduce total
(Becker et al., 2000), but limitations to minimum tree top and maximum tree base conduit
diameters may constrain f.

Constraints to § should be apparent in limits to conduit widths at the tree top and
base, such that apical conduits either increase or do not correlate with total tree height (H)
and that basal conduits either decrease or do not correlate with H. At tree tops, minimum
conduit diameter is likely limited by # since even a slight narrowing of the conduits would
dramatically increase the total » (Tyree & Zimmermann, 2002). Minimum conduit width at
the tops of tall conifers is likely controlled by smaller pits that increase safety from cavitation
but also excessively retard water flow (Domec ef al., 2008; Lazzarin et al., 2016). Indeed,
taller angiosperms produce wider, not narrower, tree top conduits presumably to maintain
low whole-tree 7 (Olson et al., 2014). Maximum conduit widths at tree tops is likely
influenced by the gravitational potential gradient which imposes low water potentials and
consequently low turgor pressures that may limit cell expansion (Woodruff et al., 2004). At
tree bases, maximum conduit size is sometimes evident as their diameters appear to approach
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an asymptote both radially from inner to outer growth rings (Spicer & Gartner, 2001; Leal,
2007) as well as axially from tree top to base (Becker et al., 2003; James et al., 2003;
Anfodillo et al., 2006; Mencuccini et al., 2007; Petit et al., 2010). In taller trees the shape of
the vertical profile of conduit diameters could be revealing of a limit to tree base conduit
widths. Reasons for the upper limits to tree base conduit diameter remain unclear but may be
related to increasing carbon costs associated with building larger conduits that yield
negligible hydraulic benefits (Hacke ef al., 2004; Mencuccini et al., 2007; Holtté et al.,
2011), minimizing fluid volume to maintain an efficient distribution network (Banavar ef al.,
1999), or low temperatures that limit cell expansion (Petit ef al., 2011). Limits to tree top and
tree base conduit diameters have implications for basipetal conduit widening as a hydraulic
compensation mechanism because they translate to increased r via smaller f as trees grow
taller. Thus, data describing axial variation in conduit widths in exceptionally tall trees are
needed to further evaluate constraints on this compensation mechanism.

Measurements of conduit diameter and path length provide estimates of lumen r along
a hydraulic pathway, but perforation plates and pits are ignored even though these end-wall
constrictions contribute substantially to » (Choat et al., 2008). However, constant
proportionality between lumen versus end-wall » (Lancashire & Ennos, 2002; Hacke et al.,
2006; Wheeler et al., 2005; Pittermann et al., 2006; Lazzarin et al., 2016) facilitates
investigations into the implications of axial variation in conduit diameter on » because lumen
diameter is much easier to quantify than pit structure. Moreover, combined measurements of
conduit diameter and r not only prove that basipetal conduit widening mitigates path-length .,
but also show that the rate of » accumulated with path length is indeed predictable from
anatomical measurements (Petit ef al., 2008).

In addition to basipetal conduit widening, adjusting relative investments in hydraulic
supply versus transpirational demand has also been proposed as a hydraulic compensation
mechanism (Ryan ef al., 2006). An increasing ratio of sapwood area to leaf area (LA) as
trees grow represents hydraulic compensation as a shift in the water balance towards supply
and away from transpiration because a larger sapwood cross-sectional area improves
conductivity with the addition of conduits in parallel (Tyree & Zimmermann, 2002).
However, cases in which this ratio increases or decreases with height growth have been about
equally reported, which could indicate that maximization of growth potential via increased
LA and therefore photosynthetic capacity may override maintenance of hydraulic supply in
some species (Buckley & Roberts, 2006; Koch et al., 2015).

A potential oversimplification of using sapwood area as a proxy for investment in
hydraulic supply is that this two-dimensional metric may not be representative of a three-
dimensional vascular tissue. Thus assessments of hydraulic compensation mechanisms may
be improved by using the scaling of total sapwood volume (SV) instead of sapwood area.
This volume better represents the metabolic investment in building and maintaining the
active xylem tissue as a whole, including the living parenchyma cells responsible for
repairing embolized conduits (Zwieniecki & Holbrook, 2009). The main challenge in using
SV is that it is much more difficult to measure than sapwood area, and thus reliable data are
scarce.

While such a shift in investment toward hydraulic supply and away from
transpirational demand may indicate hydraulic compensation, this shift should in principle
tradeoff with a sustainable carbon balance because it would increase the carbon costs of
plumbing relative to assimilation as trees enlarge. For example, a tree conforming to MST
where each leaf is supplied by an invariant number of conduits such that LA is predicted to
scale with tree size to the 3% power (West et al., 1999) would incur increasing costs of
sapwood construction and maintenance with height growth, leading to a source-sink carbon
imbalance. Indeed, Sequoia sempervirens, Sequoiadendron giganteum, and Eucalyptus
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regnans trees with higher respiratory demand per unit of leaf area grew slower than those
with lower respiratory demand, and higher ratios of SV to LA were a component of reduced
aboveground vigor (Sillett ez al., 2010, 2015a). Therefore, sustaining carbon balance for
indefinite growth may require isometry between the amounts of sapwood and leaves with tree
enlargement as proposed by Olson ef al. (2014). The relationships between investments in
hydraulic supply versus photosynthetic capacity are needed for a broad range of tree sizes to
clarify this apparent tradeoff between hydraulic compensation and carbon balance.

I had two objectives in this study of constraints on hydraulic compensation
mechanisms. The first objective was to quantify axial variation in xylem conduit diameter
for exceptionally tall individuals of the Earth’s tallest species to explore limits to basipetal
conduit widening. Study species included the 1t and 4'" tallest conifers Sequoia
sempervirens and Sequoiadendron giganteum as well as the tallest angiosperm Eucalyptus
regnans. 1 predicted the rate of basipetal conduit widening to be >0.20 as an indicator of
hydraulic compensation with height growth, and evaluated how apical and basal conduit
dimensions might influence whole-tree hydraulic efficiency. The second objective was to
quantify the relative investments in LA versus SV across a broad range of tree sizes, using
published data for these species. I hypothesized that LA would scale isometrically with SV
to maintain carbon balance at the expense of hydraulic compensation, such that a negative
allometric relationship (i.e., increasing investment in SV compared to LA) would indicate
constrained height growth.

MATERIALS & METHODS

Study sites and trees

Study sites were selected based on the abundance of exceptionally tall trees for a
given species. Humboldt Redwoods State Park, California, along the floodplain of Bull
Creek (40°N, 124°W; 45—-65 m elevation) contains a high proportion of the Earth’s tallest
trees (Sawyer ef al., 2000). Four Sequoia sempervirens (D. Don) Endlicher ranging in height
from 99 to 105 m were selected for study there in 2013; three supported healthy twin leaders
of which the subdominant was selected for study, while the fourth had a single dominant
leader that died shortly before collection. Tall Sequoiadendron giganteum (Lindley) J.
Buchholz occur in scattered groves in California’s Sierra Nevada Mountains (Willard, 2000).
In 2013 I selected three Sequoiadendron that were 87 m tall from Calaveras Big Trees State
Park (38°N, 120°W; 1450—1470 m elevation) as well as three additional trees that were 90 to
95 m tall from Kings Canyon National Park and neighboring Whitaker’s Forest Research
Station (37°N, 119°W; 1670-1780 m elevation). Wallaby Creek on the Hume Plateau in
Kinglake National Park, Victoria, Australia (37°S, 145°E; 450-500 m elevation) hosted the
tallest angiosperm forest before the stand-replacing Black Saturday Fire (Cruz et al., 2012)
swept through the understory on 7 February 2009, killing all overstory trees but leaving their
fine twigs intact (Sillett ez al., 2015b). I selected five of these dead Eucalyptus regnans F.
von Mueller that were 86 to 93 m tall for collection of wood specimens in 2010. All study
tree heights were >85% of the tallest known individual for a given species and included the
second tallest known Sequoiadendron and Eucalyptus (Table 1).

Wood specimen collection

I climbed each study tree using nondestructive arborist methods, including single rope
and doubled rope techniques (Jepson, 2000) to access the entire length of the primary stem
axis (i.e., trunk). Total tree height (H) was established by lowering a 100 m fiberglass
measuring tape from the tree top to average ground level. All heights were recorded to cm
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Table 1. Names, locations, and sizes of 15 Sequoia sempervirens, Sequoiadendron
giganteum, and Eucalyptus regnans study trees.

Name Species Location DBH (m) Height (m)
SESE 1 Sequoia sempervirens Humboldt Redwoods State Park 3.31 104.8
SESE 2 Sequoia sempervirens Humboldt Redwoods State Park 3.39 104.6
SESE 3 Sequoia sempervirens Humboldt Redwoods State Park 2.30 101.1
SESE 4 Sequoia sempervirens Humboldt Redwoods State Park 242 99.3
SEGI 1 Sequoiadendron giganteum Kings Canyon National Park 421 94.8
SEGI 2 Sequoiadendron giganteum Whitaker Forest Research Station 4.99 90.7
SEGI 3 Sequoiadendron giganteum Whitaker Forest Research Station 2.93 90.0
SEGI 4 Sequoiadendron giganteum Calaveras Big Trees State Park 4.73 86.7
SEGI 5 Sequoiadendron giganteum Calaveras Big Trees State Park 4.22 86.6
SEGI 6 Sequoiadendron giganteum Calaveras Big Trees State Park 6.21 86.5
EURE 1 Eucalbyptus regnans Kinglake National Park 2.65 92.6
EURE 2 Eucalbyptus regnans Kinglake National Park 3.12 91.5
EURE 3 Eucalyptus regnans Kinglake National Park 2.74 87.7
EURE 4 Eucalyptus regnans Kinglake National Park 2.98 86.8
EURE 5 Eucalyptus regnans Kinglake National Park 2.70 85.7

resolution. In Sequoia and Sequoiadendron a 12 mm diameter increment borer was used to
extract cores from the trunk of each tree, while in the dead Eucalyptus chainsaws were used
to extract wedges. Cores and wedges captured the outermost approximately five annual
rings. [ avoided the swollen bases of the trees as well as branch junctions, burls, and other
structural anomalies to reduce the probability of encountering reaction wood. Wood
specimens were collected at 5 to10 m intervals along the lower half of the trunk and at
increasing frequencies closer to the tree top to capture the rapid change in conduit diameters
expected near the apex. In Sequoia and Eucalyptus 1 also collected the topmost
approximately 1 m of the dead dominant leader or live subdominant twin leader. Collection
heights were later converted to distance from tree top (L) to enable comparisons among trees
of different heights during analyses.

Extraction of wood anatomical data

Quantitative data describing conduit size along the trunks were extracted using a
rigid, standardized protocol to minimize measurement errors (von Arx et al., 2016).
Transverse sections of each core or wedge were carved from the field specimens, softened in
hot water, and sectioned (12-15 pm) using a disposable blade mounted to a sliding Reichert
microtome. These thin sections were then stained with 1% safranin and permanently
mounted to glass microscope slides using Eukitt (Bioptica, Milan, Italy). Each mounted
section was focused under a light microscope (Eclipse 80i; Nikon Instruments Inc., Tokyo,
Japan) through which the outermost annual ring was photographed with a digital camera.
The digital images were analyzed with ImageJ v. 1.45d (Rasband, 1997-2017) to quantify the
areas of at least 20 vessels (in Eucalyptus) and 100 tracheids (in Sequoia and
Sequoiadendron) with 0.0001 um? resolution in a zone of the transverse section that included
the outer complete growth ring between two rays. Lumen areas (4) were converted to
diameters (D) by assuming circular cross sections and using the formula D=(4/m)!.



Data analysis

Before analyzing variation in conduit diameter, I reduced the probability of including
the tapered ends of xylem conduits by removing those with a diameter less than half of the
largest lumen within each annual ring’s radial profile (James et al., 2003). I then calculated
hydraulic mean diameter (D), which accounts for each conduit’s contribution to hydraulic
conductance for the N conduits within an annual ring:

N
zn 1 D ’?

Dy = N
> b} .
n=1"" (Equation 2)
where D = diameter of lumen n (Sperry & Saliendra, 1994). Equation 2 is a superior
representation of hydraulic conductivity compared to the unweighted mean vessel diameter
(Hacke et al., 2016).

All statistical analyses were performed in R (R Development Core Team, 2015). 1
used both ordinary least squares (OLS) regression as well as reduced major axis (RMA)
regression to establish the scaling relationships between each set of pairwise comparisons of
Dy and L. While the primary choice was OLS regression because it more appropriately
enabled predictions of D from L (Smith, 2009), I repeated the analysis using RMA to
facilitate comparisons with the vast majority of literature in which estimates of basipetal
conduit widening were reported. These two variables were logio-transformed to comply with
assumptions of normality and homoscedasticity prior to regression analyses (Sokal & Rohlf,
1995). OLS and RMA regression analyses yielded a scaling exponent (J3; i.e., slope), scaling
coefficient (a; i.e., y-intercept), and 95% confidence intervals, taking the form
logioY=logioa+PlogioX, where X=L and Y=D». Logioa and its associated 95% confidence
interval were then retransformed into the linear scale for reporting as components of a power
function with P, taking the form Y=aXP that was fit to each tree’s set of pairwise
comparisons. Thus [ represents the rate of change in D; along the trunk, while a (hereafter,
Di-1op) represents Dy at 1 cm from the tree top. In addition to calculating Di-iop, B, and 95%
confidence intervals separately for each tree, I also calculated species-level Di-op and B to
narrow confidence intervals and reduce the uncertainty of fit for each species. Confidence
intervals that overlapped with $>0.20 were considered evidence of hydraulic compensation
and in agreement with MST (Anfodillo ef al., 2006, 2013).

To evaluate limits to conduit size, relationships between H and Di-wp as well as
between H and extrapolated tree base conduit diameter (Ds-base) Were analyzed using OLS
regression. Shapiro-Wilk tests and plots of observed versus predicted values validated
assumptions of normality and homoscedasticity, respectively, for these linear models.
Additional anatomical data were available from Eucalyptus regnans (Petit et al., 2010) which
enabled me to compare Di-wp from three medium-sized trees (average H=57.3 m) with the
three tallest Fucalyptus using a t-test on the scaling coefficients derived via RMA regression.

Finally, data describing LA and SV across a broad range of tree sizes for Sequoia,
Sequoiadendron, and Eucalyptus regnans were extracted from the literature (Sillett et al.,
2010; Coonen & Sillett 2015; Sillett et al., 2015a, b) to interpret the pattern of change in the
proportions of photosynthetic capacity versus hydraulic supply as trees enlarge. Only fully
mapped trees and revised estimates from duplicate reports were used, yielding a total of 84
Sequoia, 32 Sequoiadendron, and 27 Eucalyptus trees. The scaling relationships between LA
and SV were analyzed using RMA regression on logio-transformed data. This method was
appropriate for determining whether isometry was maintained between LA and SV with
increasing tree size because neither variable was considered dependent nor independent such
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that a symmetric relationship was desired (Warton et al., 2006; Smith, 2009). 95%
confidence intervals that overlapped a slope value of 1.00 were considered isometric and
interpreted as maintenance of carbon balance to sustain indefinite growth at the expense of
hydraulic compensation, while slopes less than 1.00 were considered negative allometric and
interpreted as hydraulic compensation at the expense of carbon balance. RMA regression
was performed using the R package ‘smatr’ (Warton et al., 2015).

RESULTS

Axial variation in conduit diameter

In all study trees Di» was narrowest near the tree top where a rapid rate of widening
occurred basipetally, and widest near the tree base where the conduit diameters increased
gradually toward the ground (Fig. 1). Measured values of tracheid Dr in Sequoia and
Sequoiadendron were similar for a given L, ranging from 9.0 um at L=0.20 m to 67.5 um at
L=84.80 m. Vessel elements in Eucalyptus regnans were much larger, ranging from a
minimum of 28.0 pm at L=0.01 m to a maximum of 260.7 um at L=47.70 m.

A power function fit well to each set of pairwise comparisons of D and L (Fig. 1),
explaining 81 to 98% of the variation when trees were analyzed separately, and 89 to 95%
when grouped by species (Table 2). However, beginning approximately 60 m from the tree
tops the rate of basipetal widening progressively declined below the power function as Dp
approached an early asymptote (Fig. 1, insets). Scaling exponents () describing the rate of
Dy widening with L ranged from 0.17 to 0.28 (Table 2) and were within the range commonly
reported. Consistent with MST, 95% confidence intervals for § included values >0.20 for
each of the 15 study trees as well as for each of the three species when data were analyzed
intraspecifically (Table 2), supporting the prediction that basipetal conduit widening serves a
hydraulic compensation function with height growth in the tallest trees. Scaling coefficients
(Drn-10p) representing Di at 1 cm from tree top positions were indistinguishable between
Sequoia and Sequoiadendron (two-tailed t-test; P=0.62) and ranged from 3.9 to 9.6 um,
while those for Eucalyptus were much larger and ranged from 20.5 to 30.8 pm.
Extrapolating D to tree base positions (Dx-rase) yielded larger average values for Sequoia
than Sequoiadendron and averaged 58.2 and 46.1 um, respectively, while Eucalyptus
averaged 264.1 um. Data analyzed using RMA regression yielded similar results (Table S1).

Conduit diameter and total tree height

Constraints to § should be apparent in limits to Dh-ip and Dh-base, such that Da-wop either
increases or does not correlate with A and that Da-rase €ither decreases or does not correlate
with H. Since I found no differences in Da-wop o1 § between Sequoia and Sequoiadendron,
these two conifers were combined into a single group to expand the range of H among trees
to test for changes in Di-top and Di-base with H (Fig. 2). OLS regression revealed that H was
not correlated with Da-p (P=0.98). However, H was positively correlated with Dp-base as
expected (P<0.01, R?>=0.80). Thus across the conifers of different H, apical conduit
diameters maintained constant width while those among tree bases increased. Within the
narrow range of H for Eucalyptus, I found no correlation between Dp-op and H (P=0.86) or
between Di-sase and H (P=0.62). However, a t-test comparing average Di-1op derived via
RMA regression from three medium-sized Fucalyptus (Petit et al., 2010) versus the three
tallest revealed significantly wider average Da-wop in the taller trees (19.9 um versus 27.1pum;
P=0.02).
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Table 2. Summary statistics for scaling relationships between tracheid or vessel element
hydraulically weighted diameter and distance from tree top for 15 tall Sequoia sempervirens,
Sequoiadendron giganteum, and Eucalyptus regnans trees. The relationships were derived
via ordinary least squares regression.

Intercept (um) Slope
D # points R? 0 95% CI B 95% CI
SESE 1 23 0.96 558 4.67 to  6.66 0.27  0.24 to 0.29
SESE 2 18 0.83 827 569 to 12.01 021  0.16 to 0.26
SESE 3 17 0.93 7.11 558 to  9.05 022  0.18 to 0.25
SESE 4 20 0.90 520 386 to 7.00 0.26  0.22 to 0.30
All Sequoia sempervirens 78 0.90 6.17 540 to  7.06 0.24  0.22 to 0.26
SEGI 1 15 0.91 394 270 to 5.75 027  0.22 to 0.32
SEGI 2 10 0.89 4.14 226 to 7.60 0.27  0.19 to 0.35
SEGI 3 9 0.98 517 4.16 to 643 024 0.21 to 0.27
SEGI 4 10 0.87 9.64 641 to 1449 0.17  0.11 to 0.22
SEGI 5 12 0.86 4.65 268 to 8.07 026  0.18 to 0.33
SEGI 6 11 0.81 7.65 438 to 13.34 0.19 0.12 to 0.26
All Sequoiadendron giganteum 67 0.89 485 410t 574 0.25 0.23 to 0.27
EURE 1 22 098 2547 22.10 to 2935 0.26  0.24 to 0.27
EURE 2 23 097 30.83 26.85 to 35.40 024  0.22 to 0.26
EURE 3 19 092 2847 2137 to 3793 0.24  0.21 to 0.28
EURE 4 22 094 2046 16.02 to 26.12 0.28  0.25 to 0.32
EURE 5 22 095 30.33 25.07 to 36.69 024  0.21 to 0.26
All Eucalyptus regnans 108 095 27.58 2542 to 29.92 0.25 0.24 to 0.26

The scaling coefficient (o) is the intercept and the scaling exponent (B) is the slope of a
power function taking the form Y=aXP".

Scaling of leaf area with sapwood volume

The relationship between LA and SV across a broad range of tree sizes can be used to
evaluate the metabolic cost invested during growth for maintaining hydraulic supply to the
whole crown. This relationship explained 91% of the variation (Fig. 3, Table 3) suggesting
that the amount of sapwood tissue that must be kept functional is a consequence of metabolic
activity of the leaves. Combining all three species in this analysis yielded a negative
allometric (i.e., f<1.00) scaling exponent (f=0.81, 95% CI=0.77-0.85) indicating that SV
accumulates at faster rate than LA among trees and species. Analyzing these data separately
for each species revealed a similar trend for Sequoia (=0.87, 95% CI1=0.82—0.91) and
Sequoiadendron (p=0.64, 95% CI=0.57-0.70). However, I observed an isometric
relationship between LA and SV for Eucalyptus (p=1.09, 95% CI=0.88-1.31).



DISCUSSION

Basipetal conduit widening () in tall trees

The convergence of 3>0.20 across a diverse array of woody plants now including
some of Earth’s tallest trees indicates a functional relationship between conduit diameter and
height in tree that minimizes the accumulation of hydraulic resistance (7) with height growth,
independent of size, age, and climate (West et al., 1999; Anfodillo et al., 2006, 2013; Olson
et al.,2014). Comparing conduit diameters at 1 cm from the tree tops (Di-1p) With those at
tree bases (Dn-rase) yielded a 10-fold relative increase that was substantially larger than
predicted by MST, in which a factor of three is expected for a 100 m tall tree (West et al.,
1999; Anfodillo et al., 2006). This discrepancy was caused by an unrealistic number of about
18 branching levels that was assumed for a 100 m tree by West ez a/. (1999) and shows that
variation in conduit size is actually much higher. Moreover, including the distal-most leaf
veins and fine roots (Zwieniecki et al., 2002; Petit et al., 2009) should lead to relative
increases even larger than a factor of 10, and consequently more than a 100-fold increase in
lumen area. Considering the Hagen-Poiseuille equation, such a dramatic increase in conduit
width explains why r is negligible in the basal compared to the distal portion of the hydraulic
pathway (Petit et al., 2010) as demonstrated by the steep and nonlinear decrease in water
potentials distally along the flow path of some trees (Tyree & Zimmermann, 2002).

Constraints on conduit widths

The degree of basipetal conduit widening depends on the sizes of apical and basal
conduits. Conduits at both positions typically widen with H, but those at the apex widen at
a slower rate (Olson et al., 2014). Since the vast majority of 7 is concentrated near the tree
tops where the conduits are narrowest (Petit ef al., 2010), increasing Di-wp by just a few
microns would substantially improve whole-tree hydraulic efficiency. However, a
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Figure 3. Scaling relationships between sapwood volume and leaf area across a broad range
of sizes for 143 Sequoia sempervirens, Sequoiadendron giganteum, and Eucalyptus regnans
trees. P is the slope of the relationship. Dashed envelopes are 95% confidence intervals.
Relationships were derived via reduced major axis regression. Data from Sillett et al. (2010),
Coonen & Sillett (2015), Sillett et al. (2015a, b).

Table 3. Summary statistics for scaling relationships between sapwood volume and leaf area
for 143 individual Sequoia sempervirens, Sequoiadendron giganteum, and Eucalyptus
regnans spanning a broad range of tree sizes. Data from Sillett ez a/. (2010), Coonen &
Sillett (2015), Sillett ef al. (2015a, b). The relationships were derived via reduced major axis

regression.

Intercept (mz) Slope
Species # trees R? o 95% CI B 95% CI
Sequoia sempervirens 84 0.94 144.67 128.08 to 163.42 0.87 0.82 to 091
Sequoiadendron giganteum 32 0.92 234.87 186.35 to 296.01 0.64 0.57 to 0.70
Eucalyptus regnans 27 0.77 62.04 36.46 to 105.57 1.09 0.88 to 1.31
All species 143 0.91 146.90 130.49 to 165.38 0.81 0.77 to 0.85

The scaling coefficient (o) is the intercept and the scaling exponent (B) is the slope of a
power function taking the form Y=aXP".
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disproportionate increase of apical compared to basal conduits as reported in Acer
pseudoplatanus (Petit et al., 2008) could yield smaller B. In Eucalyptus regnans, the larger
Di-wp 1 observed in taller individuals did not compromise [, suggesting improved hydraulic
efficiency over longer transport paths consistent with other angiosperms (Olson et al., 2014).
In the conifers, constant Dx-p With H suggests that the size of tree top conduits may have
limited capacity to vary, probably due to excessive » through the small pits (Domec ef al.,
2008; Lazzarin et al., 2016) and low turgor pressures that limit cell expansion (Woodruff et
al., 2004). This conduit size limitation in the conifers, however, also did not compromise 3.
Therefore, the results for Di-wp provide no evidence for constraints to f3.

Constraints to § were clearer at tree bases. Di-sase increased with H across the
conifers, which I interpret as a mechanism allowing the maintenance of high  within
individual trees as they grow taller. Admittedly, this trend was observed only after the
Sequoia and Sequoiadendron data were combined, but the interpretation is supported by the
fact that Di-op was not different between the two species and that they are closely related
sister taxa (Farjon, 2005). While this trend supports the notion of A driving variation in
conduit diameter (Olson et al., 2014), a closer look at the data also suggests that diameter
may be limited. An upper limit to Di-pase is evident in the untransformed plots of D» and L
(Fig. 1), where beginning approximately 60 m from the tree tops, the rate of basipetal conduit
widening decelerated below the power function as D approached an early asymptote well
above the tree bases. The apparent contradiction between these asymptotes in the
untransformed plots of D» and L and increasing Dh-base With H (Fig. 2) may be explained by
height growth potential within a hydraulic limitation framework. The Sequoia trees I
sampled had a larger Di-sase and appeared further from an asymptote, whereas
Sequoiadendron had a smaller Di-sase and appeared closer to an asymptote, suggesting less
accumulation of 7 with additional height growth in Sequoia compared to Sequoiadendron.
Indeed, the Sequoia I sampled were further from the height record of 116 m for this species
while the Sequoiadendron were closer to the 96 m record (Sillett ez al., 2015a). Thus I
predict the positive slope in the relationship between Di-sase and H (Fig. 2) would steepen to
the left and flatten to the right with the inclusion of shorter and taller individuals,
respectively, of these two species. Radial increases in tracheid and vessel diameters that
approach a maximum in outermost annual rings at tree bases (Spicer & Gartner, 2001; Leal,
2007) support this explanation. I hypothesize that early asymptotes are caused by an
optimized balance between hydraulic efficiency and carbon investment. Widening the
conduits toward a tree’s base minimally benefits whole-tree hydraulic efficiency (Petit et al.,
2010), adds fluid volume that may reduce network efficiency (Banavar et al., 1999), and
incurs the progressively increasing cost of building and maintaining larger conduits (Hacke et
al., 2004; Mencuccini et al., 2007; Holttd ef al., 2011). Therefore, the optimal balance
between hydraulic efficiency and carbon investment may determine the degree to which
basipetal conduit widening serves as a hydraulic compensation mechanism. Although 3
values were consistent with MST predictions, the early asymptotes in these scaling
relationships suggest that alternative models maximizing hydraulic efficiency while
minimizing carbon allocation may better describe axial variation of conduit dimensions in tall
trees.

Hydraulic compensation may tradeoff with carbon balance

The results confirm that basipetal conduit widening is a universal hydraulic
compensation mechanism among woody plants that maintains hydraulic supply independent
of tree size. I now evaluate the carbon cost constraints associated with building and
maintaining such a hydraulic network by considering a framework that combines this
anatomical structure with whole-tree allometries.
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With increasing H, supplying each unit of LA with a fixed number of conduits as in
MST (West et al., 1999) would require building and maintaining an elongating and therefore
increasingly costly vascular system. This problem may be bypassed by reducing the number
of conduits per unit of LA while simultaneously increasing Di-0p Where the vast majority of »
is concentrated and maintaining $>0.20. Thus, leaf-specific conductance and a source-sink
carbon balance may be maintained as trees enlarge. The expectation is that wider apical
conduits with height growth should allow isometry between LA and SV so that the cost of
maintaining hydraulic conductance becomes independent of tree size. The increase in Da-wop
with H across angiosperms up to 60 m (Olson ef al., 2014) provides empirical support for this
source-sink carbon balance mechanism. If, however, cell expansion is hindered by low
turgor pressures at the tree tops where water potentials are lowest (Koch et al., 2004;
Woodruff et al., 2004; Williams et al., 2017), an upper limit to Ds-p may be reached in
exceptionally tall trees. This limit would reduce leaf-specific conductance with height
growth, but could be offset by additional lateral investment in SV relative to LA. The
consequence of such a mechanism would be an imbalanced carbon budget that limits growth
potential, manifest as a negative allometric relationship between LA and SV. This hydraulic
compensation mechanism may, therefore, tradeoff with carbon balance.

Interpreting the results within this framework suggests that specific anatomical and
allometric adjustments may enable maintenance of high leaf-specific conductance throughout
tree growth. In Sequoia and Sequoiadendron 1 observed no variation in Di-1op With H, and the
relationships between LA and SV were negative allometric. These results are consistent with
maintenance of leaf-specific conductance by accelerating investment in SV relative to LA.
Conversely, in Eucalyptus 1 observed larger Dh-wp in taller trees. The fact that wider conduits
increase hydraulic conductance at a faster rate than conduit volume is added (Tyree &
Zimmermann, 2002) may explain why taller Eucalyptus exhibited wider Di-1p without an
allometric adjustment in the relationship between LA and SV. That is, the improvement in
conductance provided by wider Ds-wp sufficiently compensated for the increase in » caused by
height growth, without the need for a costly increase in SV relative to LA. Therefore, the
capacity to increase the diameter of apical conduits with height growth while sustaining
>0.20 may allow Eucalyptus to maintain isometry between LA and SV, and could indicate
that the individuals studied had additional height growth potential.

A tradeoff between hydraulic compensation and maintaining carbon balance may
limit tree height growth. For Sequoiadendron, LA«<SV®%, which I believe is close to a
theoretical minimum scaling exponent (Notes S1), while for Sequoia the scaling exponent
had a slightly larger value. In Eucalyptus the relationship was isometric. This rank order of
the scaling relationships between LA and SV, and by extension degrees of tradeoff between
hydraulic compensation and carbon balance, may explain why Sequoiadendron reached a
plateau of maximum height at a basal trunk diameter (DBH) smaller than Sequoia, while
Eucalyptus appeared to be further from its maximum height (Fig. 4).

Conclusions and future directions

Basipetal conduit widening and the capacity to adjust Di-1op with H are two
compensation mechanisms that mitigate hydraulic limitations to height growth. Across a
wide array of woody plants, now including the some of Earth’s tallest trees, the rate of
basipetal conduit widening is consistent with minimizing the accumulation of » with height
growth (West et al., 1999; Anfodillo ef al., 2006, 2013). However, these data also suggest
that Dh-rase may be limited by an optimal balance between hydraulic efficiency and carbon
investment, which may impose a constraint on basipetal conduit widening. The evaluation of
the relative investments in LA and SV allowed interpretation of why Sequoiadendron appears
to peak in height well before reaching maximum DBH, while Eucalyptus regnans appears
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Figure 4. Graphical relationships between total tree height and diameter at breast height
(DBH) for 196 Sequoia sempervirens, Sequoiadendron giganteum, and Eucalyptus regnans
trees spanning a broad range of tree sizes. Note that Eucalyptus appears to have additional
height growth potential compared to Sequoia and Sequoiadendron, which peak in height at
approximately 3 m DBH. Data from Sillett et al. (2010), Coonen & Sillett (2015), Sillett et
al. (2015a, b).

to have additional height growth potential. These results encourage the development of
alternative models that optimize the balance between hydraulic compensation and carbon
investment as trees enlarge. Such models may help explain constraints to hydraulic
compensation mechanisms and improve our understanding of the limits to tree height.
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SUPPORTING INFORMATION

Table S1. Summary statistics for scaling relationships between tracheid or vessel element
hydraulically weighted diameter and distance from tree top for 15 tall Sequoia sempervirens,
Sequoiadendron giganteum, and Eucalyptus regnans trees. The relationships were derived
via reduced major axis regression.

Intercept (um) Slope
D # points R’ a 95% CI B 95% CI
SESE 1 23 0.96 536 449 to 640 0.27 025 to 0.30
SESE 2 18 0.83 7.12 4.90 to 10.34 023  0.18 to 0.29
SESE 3 17 0.93 6.70 526 to 8.54 0.23  0.19 to 0.26
SESE 4 20 0.90 4.73 351 to 6.37 0.27  0.23 to 0.32
All Sequoia sempervirens 78 0.90 5.62 492 to 643 0.26 0.24 to 0.28
SEGI 1 15 0.91 3.59 246 to 5.25 029  0.24 to 0.34
SEGI 2 10 0.89 3.65 1.99 to 6.70 0.29  0.22 to 0.37
SEGI 3 9 0.98 5.09 4.10 to  6.33 024 021 to 0.27
SEGI 4 10 0.87 8.79 5.84 to 13.22 0.18 0.13 to 0.24
SEGI 5 12 0.86 4.00 231 to 6.95 0.28  0.21 to 0.36
SEGI 6 11 0.81 6.47 3.71 to 11.29 021  0.15 to 0.29
All Sequoiadendron giganteum 67 0.89 433 3.66 to 5.12 026  0.24 to 0.29
EURE 1 22 098 2490 21.61 to 28.70 026  0.24 to 0.28
EURE 2 23 097  30.09 26.20 to 34.55 024  0.22 to 0.26
EURE 3 19 092 2625 19.71 to 34.98 025 0.22 to 0.29
EURE 4 22 094 19.22 15.05 to 24.54 029  0.26 to 0.33
EURE 5 22 095 29.01 23.98 to 35.10 024 022 to 0.27
All Eucalyptus regnans 108 095 2635 2429 to 28.58 025 0.24 to 0.26

The scaling coefficient (o) is the intercept and the scaling exponent (B) is the slope of a
power function taking the form Y=ouXPF.
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Notes S1. Derivation of scaling exponents between leaf area and sapwood volume.

Here I derive theoretical scaling exponents predicting the relationships between leaf area
(LA) and sapwood volume (SV). Metabolic scaling theory (MST; West et al., 1999) predicts
LAo«cM?**# where M is total plant mass excluding metabolically inactive components. Using
an analogy to MST I rely on relationships between total tree height (/), the volume of a
single conduit (/i) extending from tree base to top, and the total number of these conduits
(Ne). The approach is best applied to conifers in which the sapwood is composed of almost
entirely of conduits with minimal non-conductive tissue. For this derivation, I replace M
with SV because I are interested in proportional increases in photosynthetic capacity and
hydraulic supply as trees enlarge. This replacement was validated by the nearly isometric
relationship I found between M and SV via reduced major axis (RMA) regression on logio-
transformed data (slope=0.97, 95% CI=0.95-0.99, R?=0.97) after heartwood was excluded
from 84 Sequoia sempervirens and 32 Sequoiadendron giganteum spanning a broad range of
tree sizes and assuming heartwood densities of 407 and 378 kg m™, respectively (Sillett et al.,
2010, 2015; Coonen & Sillett 2015). Note that I applied intraspecific trunk heartwood
densities to all heartwood, including branches; applying trunk and branch heartwood
densities separately to trunks versus branches would have resulted in a slightly steeper slope
in the scaling relationship between M and SV.

MST predicts that LAocH?, NeocLA!, and ViecH'. This latter relationship is based on the
architecture of the idealized MST tree, wherein uniformly-sized conduits are embedded
within cylindrical stem segments whose total cross-sectional area is preserved among
branching levels (i.e., the Da Vinci rule). This structure translates into an external conduit
diameter (D) that is constant with H, yielding DocH°. Combined with the scaling relationship
for a cylinder ViecD*H gives Vioc(H°)?H, which simplifies to ViocH'. Total SV, which is the
sum of all Vi or SV=N.Vi is therefore equivalent to SV=H>H', so SVocH*. Rearranging
LAocH? and SVocH* gives HcLA'3 and HcSV'4, respectively. Thus LA3cSV4, which is
equivalent to LA«cSV*4, This scaling relationship is analogous to Kleiber’s law relating
metabolic rate to body size in animals (Kleiber 1932).

[ now derive a minimum scaling exponent by replacing two relationships inherent within the
MST with empirical relationships for the conifers Sequoia and Sequoiadendron. First
LAoxcH?*%! for the aforementioned 116 trees using RMA regression on logio-transformed data
(95% CI=2.39-2.83, R?>=0.59). Second, the rate of basipetal conduit widening I estimated
from exceptionally tall individuals of these species was p=0.23, so DocH*?3, Following the
same procedure as above with the scaling relationship for a cylinder gives Vioc(H*?*)?H
which simplifies to ViecH'4®. Total SV=H>%'H'4¢ s0 SVocH*"". Finally, combining
LAoxcH?®! with SVocH 47 gives LAcSV®%4, which matches the empirical scaling relationship
LAxcSV%4 T observed for the Sequoiadendron.
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CHAPTER 2
Coping with gravity: the foliar water relations of giant sequoia

Originally published by Oxford University Press as: Cameron B. Williams, Rikke Reese
Nasborg, and Todd E. Dawson. 2017. Coping with gravity: the foliar water relations of giant
sequoia. Tree Physiology 37: 1312—1326. doi:10.1093/treephys/tpx074

ABSTRACT

In tall trees, the mechanisms by which foliage maintains sufficient turgor pressure and
water content against height-related constraints remain poorly understood. Pressure-volume
curves generated from leafy shoots collected crown-wide from 12 large Sequoiadendron
giganteum (giant sequoia) trees provided mechanistic insights into how the components of water
potential vary with height in tree and over time. The turgor loss point (TLP) decreased with
height at a rate indistinguishable from the gravitational potential gradient and was controlled by
changes in tissue osmotica. For all measured shoots, total relative water content at the TLP
remained above 75%. This high value has been suggested to help leaves avoid precipitous
declines in leaf-level physiological function, and in giant sequoia was controlled by both tissue
elasticity and the balance of water between apoplasm and symplasm. Hydraulic capacitance
decreased only slightly with height, but importantly this parameter was nearly double in value to
that reported for other tree species. Total water storage capacity also decreased with height, but
this trend essentially disappeared when considering only water available within the typical range
of water potentials experienced by giant sequoia. From summer to fall measurement periods we
did not observe osmotic adjustment that would depress the TLP. Instead we observed a
proportional shift of water into less mobile apoplastic compartments leading to a reduction in
hydraulic capacitance. This collection of foliar traits allows giant sequoia to routinely, but
safely, operate close to its TLP, and suggests that gravity plays a major role in the water relations
of Earth’s largest tree species.

INTRODUCTION

California’s giant sequoia (Sequoiadendron giganteum) is the first largest and fifth tallest
tree species on Earth, with massive trunks and immense crowns that can support 1400 m* of
wood, 6700 m? of leaf area, and grow to 95 m tall (Van Pelt, 2001; Tng et al., 2012; Sillett et al.,
2015). This magnificent tree species is a component of mixed conifer forests in the Sierra
Nevada Mountains, and can be characterized as a paleoendemic whose water requirements
restrict the species to basin-like topographies containing abundant subsurface snowmelt (Rundel,
1972; Anderson, 1995; Willard, 2000).

Recent concerns have been raised that Sequoiadendron may be vulnerable to projected
changes in climate (York et al., 2013). Both fossil and genetic evidence indicate the species
range fluctuated with changes in precipitation and temperature over the past 2.3 million years;
wet intervals coincided with slight expansions, and dry conditions drove contractions that were
exacerbated by warmer temperatures (Anderson & Smith, 1994; Davis, 1999a, 1999b; Dodd &
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DeSilva, 2016). Global temperatures are now warmer than during 75% of the last 11,300 years,
and projections indicate warmer California temperatures will be common in the coming decades
(Cayan et al., 2008; Marcott et al., 2013). In the Sierra Nevada Mountains, warmer temperatures
will diminish deep water storage and water availability to mixed conifer forests containing
Sequoiadendron (Bales et al., 2011; Goulden et al., 2012; Hunsaker et al., 2012). Despite these
concerns, there is some evidence that Sequoiadendron may be relatively resilient to drought.

The fact that individual trees may live beyond 3,200 years indicates the ability to survive
multiyear droughts (Sillett et al., 2015; Rocky Mountain Tree-Ring Research, 2016). Indeed, the
2012-2017 drought recorded recently across California has been linked to the widespread death
of more than 100 million trees in the Sierra Nevada Mountains (Griffin & Anchukaitis, 2014;
Belmecheri et al., 2015; USDA, 2016), but Sequioadendron did not immediately appear to be
dying (personal observation). This ability to survive drought in part reflects a relatively
conservative hydraulic architecture, with dense branch wood that retains 95% hydraulic
conductivity at minimum midday water potentials, and dense leaves with efficient water use and
tight stomatal regulation (Ambrose et al., 2009; Pittermann et al., 2012; Ambrose et al., 2015).
However, the physiological mechanisms responsible for maintaining foliar water content above
damaging levels are needed if we are to understand how Sequoiadendron may be resistant to
drought.

Foliage is the primary physiological interface between plants and atmosphere. According
to the cohesion-tension theory, water travels skyward via a free-energy gradient of sequentially
lower pressures along the soil-plant-atmosphere continuum (Dixon & Joly, 1895; Philip, 1966).
Therefore, foliar water potential (Ww) must remain lower than the soil in order to transport water
to the leaves, but there are thresholds beyond which low Ww will lead to dysfunction (Tyree &
Sperry, 1989). Water potential can be defined as the sum of its component parts. For short-
statured plants such as shrubs and herbs,

Yw=¥=+Y¥ (Equation 1)

where W= is the osmotic potential and a negative value, and ¥y is the turgor pressure and is either
zero or positive (Lambers ef al., 2008). Turgor loss stops key processes, including cell
expansion, stomatal conductance, and leaf hydraulic conductivity (Kramer & Boyer, 1995;
Brodribb et al., 2003; Blackman et al., 2010). Setting osmotic concentration to obtain
sufficiently low W= is therefore critical to prevent Ww from reducing ¥y to zero. This turgor loss
point (TLP) can be an indicator of drought tolerance both within and among species as well as
over space and time (Dawson, 1990; Bartlett ef al., 2012, 2014). In addition, maintaining
relative water content (RWC) above about 75% prevents metabolic inhibition of photosynthesis
and destabilization of cell membranes by excessively high osmotic concentrations (Lawlor &
Cornic, 2002; Steponkus, 1984).

Maintaining positive ¥ and high RWC in foliage may be accomplished by managing
osmotic concentration, tissue elasticity, and capacitive discharge of stored water (Scholz et al.,
2011; Bartlett et al., 2012). Osmotic concentration exerts the strongest control over TLP. A
higher concentration (lower W) increases the range between W= and ¥ thus allowing more
negative Ww before turgor pressure is lost. Active synthesis or translocation of osmotica can
further depress TLP seasonally as droughts intensify (Kozlowski & Pallardy, 2002; Sanders &
Arndt, 2012). Higher osmotic concentrations, however, also drive lower RWC, but this effect
may be counteracted by adjusting tissue elasticity (Bartlett ef al., 2012). Structurally stiffer
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tissues conserve water content by limiting cell contraction under extremely low Ww (Cheung et
al., 1975). Hydraulic capacitance and water storage capacity together offer an additional layer of
protection for ¥y and RWC, although they do not themselves depress the TLP (Bartlett et al.,
2012). Hydraulic capacitance reflects the ability to discharge stored water into the transpiration
stream, while water storage capacity is that quantity of water stored (Scholz et al., 2011). Both
hydraulic capacitance and water storage capacity stabilize Ww against rapid fluctuations in vapor
pressure deficits (Sack et al., 2003; Scholz et al., 2011; Edwards et al., 1986; Martins et al.,
2016). They may also replenish evaporative losses through the lamina after stomata close
(Lamont & Lamont, 2000, Hao et al., 2010).

In addition to maintaining positive ¥y in a desiccating environment, tall trees must also
cope with a physiognomy that imparts vertical challenges. Acceleration due to gravity adds
another component to the Ww equation,

Yy =%r+ ¥+ Ve (Equation 2)

where Wy is the gravitational potential that imposes a gradient of —0.0098 MPa per meter of
height above the ground (Nobel, 1983; Hinckley et al., 2011). Long hydraulic pathways
additionally impede conductance (Tyree & Zimmermann, 2002; Mencuccini, 2003; Petit et al.,
2010), and microclimatic conditions such as sunlight, humidity, and wind become increasingly
desiccating with height in forest canopy (Parker, 1995). These height-related constraints can
lead to decreasing Ww with height in tall trees at a rate that is steeper than expected from the
gravitational potential gradient alone (Koch et al., 2004; Woodruff et al., 2004; Ishii et al 2008;
Ambrose et al., 2016).

In tall trees, the tissue-level mechanisms by which foliage maintains sufficient turgor
pressure and water content against height-related constraints remain poorly understood. Given
the strong control that osmotic concentration has over TLP, the consistent decrease in Ww with
height, and the fact that plants exhibiting more negative TLP are routinely more tolerant of lower
Yy (Kubuske & Abrams, 1994; Bucci et al., 2004), one might predict increasing foliar osmotic
concentrations to depress TLP with height in tree. However, osmotic concentrations increase
with height in some tall trees while in others there is no relationship, and TLP does not
consistently decrease with height (Connor et al., 1977; Meinzer et al., 2008; Ishii et al., 2014;
Azuma et al., 2016). The scarcity of studies, especially those reporting variation in hydraulic
capacitance and water storage capacity with height, constrains our understanding of how foliar
water relations help to maintain sufficient turgor pressure and water content against height-
related constraints in tall trees.

Studying foliar water relations in Sequoiadendron provides an opportunity to evaluate the
drought tolerance of a nationally iconic species whose 2.3 million year history suggests it may be
vulnerable to a warmer and drier climate in the long term, but whose ability to live beyond 3,200
years suggests that it may be resilient in the short term. The tall stature and immense crowns of
this species offer ideal conditions for studying strategies that help maintain ¥, above TLP
against height-related constraints. Our primary objectives in this study of foliar water relations
in Sequoiadendron were to: (1) quantify variation in TLP with height in tree; (2) determine the
cellular controls over maintenance of turgor pressure and water content, and how they change
seasonally from summer to fall; and (3) evaluate the importance of variation in water relations
parameters with height as Ww changes over the course of a day.
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MATERIALS & METHODS

Study sites and field measurements

We selected 12 study trees in California, USA, from South Calaveras Grove in Calaveras
Big Trees State Park (38.25°N, 120.24°W), Redwood Mountain Grove in Kings Canyon
National Park (36.69°N, 118.91°W), Mountain Home State Demonstration Forest (36.21°N,
118.67°W), and Freeman Creek Grove (36.14°N, 118.52°W). Study trees ranged from 1.4-8.4 m
in diameter, 48-95 m tall, and 230-2,510 years old (Sillett et al., 2015), and they grew on
relatively rich alluvial soils close to perennial watercourses. Tree crowns were accessed using
tree-climbing techniques (Jepson, 2000). Within each tree crown, 14-29 shoots were selected
using randomly generated heights above ground, horizontal distances from main trunk, and
azimuths from tree center. A selected shoot was cut at a stem diameter of approximately 2.0 cm,
sealed into a plastic bag, and shielded from sunlight in an opaque container during transport to a
laboratory. We harvested 300 shoots from the 12 study trees in summer (Jun-Jul) 2012, and in
the fall (Sep-Oct) we harvested an additional 185 shoots that grew from the same branches and
within 0.5 m of the original collections in order to detect seasonal changes in water relations. A
measuring tape extending from average ground level to the tree top enabled each shoot’s height
to be recorded to 0.1 m resolution.

Pressure-volume curves

Within 3 hours of collection, each field-harvested shoot was submerged in tap water in
which three (1 primary plus 2 back-up) smaller shoots 3-4 mm diameter were excised with a
sharp razor blade. Maintaining submersion, a shoot’s base was pushed through a slit in the foil
cap of a water-filled test tube which was then placed into a dark humidity chamber to encourage
overnight rehydration. Pressure-volume (PV) curves were generated the next morning using
bench-drying and repeat-pressurization methods (Tyree & Hammel, 1972; Hinckley ef al., 1980).
A shoot was prepared for measurements by removing approximately 0.5 mm of the basal end
with a sharp razor blade and blotting the leaves dry with a lint-free towelette. Mass of each shoot
was measured on an analytical balance to 0.0001 g resolution immediately before and after a
measurement of Ww (MPa) made with a Scholander pressure chamber (Model 1000, PMS
Instrument Co., Corvallis, OR). The two masses were averaged and paired with the Ww. This
process was repeated to generate a series of paired mass and Ww comprising a PV curve for each
shoot as it desiccated in ambient air. The rate of chamber pressurization used to quantify water
potential was about 0.01 MPa s!, and measurements proceeded until about 85% of the initial
shoot mass remained. Each shoot was then oven-dried at 60° to obtain dry mass necessary to
calculate RWC (decimal),

mass — dry mass
RWC = i

fully hydrated mass — dry mass (Equation 3)

(Koide et al., 2000) for each point of the PV curve. Pressure-volume curves

that failed due to shoot breakage or that yielded multiple outlying estimates were excluded from
further analyses, reducing the final water relations dataset to 260 summer and 180 fall PV
curves.
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Rehydration of a shoot sometimes caused oversaturation which was visualized in a
scatterplot of H2O mass on Ww as water content approached an asymptote at high Yw. We
removed points contributing to this “plateau effect” in each PV curve to avoid overestimation of
water content (Kubiske & Abrams, 1991). We then used an iterative process to objectively
separate the remaining points into pre-turgor loss and post-turgor loss from which water relations
variables were estimated using linear regressions. Starting with three points taken at the lowest
water potentials, which represented the first iteration’s post-turgor loss points, an osmotic
potential at full turgor (Wxt, MPa) was extrapolated as —1/y-intercept of a linear regression of —
1/¥w on 1-RWC (Richter 1978), while saturated water content (SWC, g) was extrapolated from
the remaining points (pre-turgor loss points) as the x-intercept of a linear regression of Ww on
H>0 mass (Ladiges, 1975). These two relationships allowed ¥z (MPa) and ¥, (MPa) to be
calculated for each point in the PV curve (Equations 1, 3). A TLP (MPa) was then extrapolated
as the x-intercept of a linear regression of Wp on Ww using the pre-turgor loss points. If this TLP
was not between the two consecutive Ww measurements that separated the pre- from post-turgor
loss points, the solution was rejected and the next iteration initiated. The next iteration included
a fourth post-turgor loss point, and a new TLP was calculated. This iterative process continued
until a TLP was successfully bracketed between two consecutive Ww measurements. The
bracketed value was used as the final TLP as well as to separate pre- from post-turgor loss points
that we then used to calculate the remaining final water relations variables. The final pre-turgor
loss points contained an average of eight points and were well represented by linear regressions
(average R? = 0.9980).

Pre-turgor loss points were used to infer total RWC at the TLP (total RWCrLp, decimal)
as the corresponding x-value from the —1/w on 1-RWC relationship, as well as to calculate bulk
tissue elastic modulus (¢, MPa),

ARWC (Equation 4)

(Tyree & Hammel, 1972; Koide et al., 2000), where SWF is the symplastic water fraction. We
also used the pre-turgor loss points to calculate three metrics of water storage. Hydraulic

capacitance normalized by dry mass (Cmass, g ' MPa™') was the change in water content per
change in Ww (Scholz et al., 2011),

ARWC SWC
AWy  dry mass (Equation 5)

mass —

Total water storage capacity normalized by dry mass (Smass, g ') was used as an index of
succulence (Bacelar et al., 2004),

SWC
dry mass (Equation 6)

Smass =

Finally, we developed a new measure of storage capacity as water available within the typical
range of Ww and normalized by dry mass (Wmass, g g '), defined as the change in water content
between Wy and TLP,
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AH20 1
AY¥w  dry mass (Equation 7)

Winass= (TLP - \Pg) °

where AH20 / AWw is the slope of linear regression of Ww on H20 mass before turgor loss.
Although we favor expressing these three metrics of water storage by dry mass due to the highly
three-dimensional configuration of Sequoiadendron foliage, we also normalize them by total
shoot fresh area (Careca, Sarca, Warea) predicted from a power function fit to 267 pairs of dry mass
(2) and fresh area (cm?),

fresh area = 13.1392 « dry mass %7°%° (Equation 8)

(R? =0.93; Anthony Ambrose, unpublished data), to facilitate comparisons with other reports.
Post-turgor loss points were used to calculate Wi, AWF (decimal) as the x-intercept of —1/¥w on
1-RWC, and SWF (decimal) as I-AWF. Symplastic water fractions were incorporated into the
calculation of ¢ (Tyree & Hammel, 1972; Koide et al., 2000) and also used to compute
symplastic RWC at TLP (symplastic RWCrrp, decimal). See Table 1 for a list of water relations
variables and their units used in this study.

Sensitivity analyses

We performed three sensitivity analyses to determine the cellular drivers of TLP,
symplastic RWCrrp, and total RWCrrp. The relative sensitivity (®i) for an independent variable
was calculated from the partial derivative of the dependent variable with respect to the
independent variable (®i = 0Y/0Xi * |Xi/Y|), where |Xi/Y| normalizes the absolute sensitivity to
allow relative comparisons among independent variables irrespective of their units (Hamby,
1994; Smith et al., 2008). The partial differential equations provided by Bartlett e al. (2012)
allowed us to quantify the influences that Wxr and € had over TLP and symplastic RWCrrp.
Using the same methodology to determine the cellular drivers of total RWCrrp, we used the
underlying equation,

e+ Wan
total RWCrrLp = (1 — AWF) ¢

+ AWF (Equation 9)

(Bartlett et al., 2012) to derive three new partial differential equations that quantified the
absolute sensitivity of total RWCrLp to €, Writ, or AWF:

0 total RWCrTLp (AWF - 1)
=Yt e ————

Oe &2

(Equation 10a)

Ototal RWCrr  (AWF - 1)

(Equation 10b)

0 Wxtt €
0 total RWCrLp (g + W)
0 AWF o € (Equation 10c¢)
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The parameter estimates from a PV curve (e.g., €, Yrit, AWF) were used to solve these equations,
and the outputs were normalized to relative sensitivities. The relative sensitivities for an
independent variable were averaged across all 260 summertime PV curves to yield a measure of
the strength of influence that variable had over the dependent variable. To visualize the relative
sensitivity of total RWCrrp to Wxs, €, or AWF, we performed a “one-at-a-time” sensitivity
analysis wherein one independent variable was allowed to vary over its measured range while the
other two were held constant at their minimum, average, or maximum values.

Importance of foliar water storage

We quantified the importance of foliar water storage capacity based on our average
estimates of Smass and Wmass. This metric was averaged across all 260 summertime PV curves
and then scaled up to whole-tree levels using estimates of foliar dry mass published for each of
the 12 study trees (Sillett e al., 2015). Daily water use per crown dry mass was then calculated
as 1.62 L day™! kg! using an estimate derived from summertime sap flow measurements reported
for a large Sequoiadendron (Ambrose et al., 2016). Finally, the importance of stored water was
expressed as the quotient of whole-crown water storage per daily summertime water use.

Diurnal courses of Vv, Vp, and ¥z

Pressure-volume curves can be combined with measurements of Ww made periodically
over a day to estimate diurnal courses of ¥, as well as W= (after Robichaux, 1984). Using a
batch of PV curves generated from shoots growing within a 2.0 m height range in a tree, we
developed a composite linear regression of W, on Ww from pre-turgor loss points (Fig. 1) that was
then used to predict changes in ¥, from periodic measurements of ¥w made with a pressure
chamber. These courses of Ww and ¥, combined with Wy for a given height allowed calculation
of W for each field measurement of Ww (Equation 2). We used this approach to estimate diurnal
changes in the components of Ww at upper crown and lower crown positions for the tallest study
tree at each of the four sites. The eight composite ¥, on Ww relationships were each developed

_ | ® Upper crown Figure 1. Linear regression

© Lower crown relationships between turgor
pressure (W) and water potential
(Ww) prior to turgor loss derived
from pressure-volume curves
generated separately for eight upper
crown (83.0 m) shoots and six lower
crown (14.7 m) shoots that were
collected from a Sequoiadendron in
Mountain Home State
Demonstration Forest. The
relationships were used to predict
Y, from diurnal courses of Ww for
this tree.

1.5

¥p (MPa)
1.0
|

Yw (MPa)
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from 3-8 PV curves. Within one week after generating the PV curves, we measured Ww at 1.5-
hour intervals from pre-dawn to post-dusk using 3-10 replicate shoots that were 3-4 mm diameter
and collected at random from each crown position.

Statistical analyses

Water relations estimates were computed from the PV curves using reduced major axis
regression because the variables each had their own error, were co-dependent, and were of
different types (Sokal & Rohlf, 1995). Relationships between height above ground and water
relations variables were evaluated using ordinary least squares regression, and the slopes of TLP
and Wxrt on height were compared using ANCOVA. Paired two-tailed t-tests were used to
compare the relative sensitivities of TLP or symplastic RWCrLp to € or Wz, as well as the
relative sensitivities of total RWCrrp to €, Wi, or AWF. Summer versus fall water relations
estimates were also compared using paired t-tests. Statistical analyses were performed in R (R
Development Core Team, 2016).

RESULTS

Water relations correlates with height

Ordinary least squares regression between height above ground and each of the water
relations variables revealed several significant relationships (Table 2). Turgor loss point
decreased with height at a rate that was indistinguishable from the gravitational potential
gradient of —0.0098 MPa m™' (95% CI —0.0122 to —0.0093; R? = 0.45; Fig. 2). Osmotic potential
at full turgor decreased with height at a slower rate (ANCOVA, F(1, 516) = 6.0725, p = 0.01).

Table 2. Statistical relationships between water relations variables and height in
Sequoiadendron tree using ordinary least squares regression.

Water relations variable slope intercept R p -value
AWF -0.0034 0.7186 0.27 <0.01
W -0.0083 -0.9801 0.39 <0.01
TLP -0.0107 -1.3316 0.45 <0.01
Wap — TLP 0.0024 0.3514 0.23 <0.01
total RWCrpp -0.0008 0.9250 0.44 <0.01
symplastic RWCrpp 0.00 0.41
€ 0.0351 3.6795 0.16 <0.01
C mass -0.0002 0.0899 0.06 <0.01
C area 0.01 0.06
S mass -0.0040 1.5261 0.14 <0.01
S area -1.3052 763.2557 0.07 <0.01
W mass -0.0002 0.1192 0.03 <0.01
W area 0.00 0.47
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Figure 2. Turgor loss point
(TLP) and osmotic potential at
full turgor pressure (Wzft) both
decreased with height in
Sequoiadendron tree, while the
difference between these two
water relations variables
increased with height.
Trendlines represent ordinary
least squares regressions.



The difference in slopes caused TLP and Wz to diverge with height and may indicate declining
turgor pressures toward the tree tops. Bulk tissue elastic modulus increased with height (R? =
0.16; Fig. 3). Apoplastic water fraction was negatively correlated with height (R? = 0.27) and
varied widely from 17 to 80%. Total RWCrLp was also negatively correlated with height (R? =
0.44), but symplastic RWCrLp was uncorrelated. Several water storage parameters exhibited
weak negative correlations with height (Fig. 4). Although Smass decreased, this trend essentially
disappeared when substituting our more conservative estimate of water storage, Wmass.

£ (MPa)
AWF (decimal)

total RWCTLP (decimal)
symplastic RWCTLP (decimal)

0.5
0.5

1 | I | | | | | | | 1
0 20 40 60 80 0 20 40 60 80 100

Height (m) Height (m)
Figure 3. Relationships between four foliar water relations variables and height in
Sequoiadendron using ordinary least squares regression. The four water relations variables are

bulk tissue elastic modulus (g), apoplastic water fraction (AWF), total relative water content at
the turgor loss point (total RWCrrp), and symplastic RWCrrp.
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Figure 4. Relationships
between three foliar water
relations variables and height in
Sequoiadendron tree using
ordinary least squares regression.
The three water relations
variables are mass-normalized
hydraulic capacitance (Cmass),
total water storage capacity
(Smass), and water storage that
was available within the typical
range of water potentials (Wimass).



TLP (MPa)

Wrtt (MPa) £ (MPa)

Figure 5. Relationships between three foliar water relations variables in Sequoiadendron using
ordinary least squares regression. The three water relations variables are turgor loss point (TLP),
osmotic potential at full turgor (Wxst), and bulk tissue elastic modulus (g).

Controls over TLP and RWCrLp

We found a strong positive correlation between TLP and Wz (p < 0.01; R2=0.91) and a
negative correlation with & (p <0.01; R? = 0.43; Fig. 5). Our differential sensitivity analysis
indicated that TLP was more responsive to changes in Wzt than € (p < 0.01; Table 3). Symplastic
RWCrLpr was equally sensitive to Wzt and &, indicating that the decline in symplastic water
content driven by osmotica was counteracted by stiffer tissues. This analysis also revealed that
total RWCrLp was more sensitive to AWF than to € or Wzt (p < 0.01 for both), and the sensitivity
ratio of total RWCrrp to AWF versus & decreased with height (p < 0.01; R? = 0.22; Fig. 6).
These results indicate that the proportion of symplastic versus apoplastic water was an important
driver of changes in total RWCrrLp. Our “one-at-a-time” sensitivity analysis for total RWCrLp
provided visualizations of the potential responsiveness to Wxs, €, and AWF (Fig. 7). Reductions
in total RWCrrp that were driven by high osmotic concentrations could be offset by shifting
water to the apoplasm without varying tissue elasticity. Increasing AWF also had a strong
potential to counteract a precipitous decline in total RWCrrp that occurred with more flexible
tissues at constant osmotic concentration. Likewise, stiffer tissues could offset the linear decline
in total RWCrrp that was driven by lower AWF. Overlaying real data points onto these
sensitivity visualizations revealed that a balance between € and AWF successfully maintained
total RWCrLp above 75% across the entire range of osmotic concentrations.
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Table 3. Results from a sensitivity analysis using partial differentiation to evaluate the relative
importance of variables underlying foliar water relations traits in Sequoiadendron. Absolute
sensitivities quantify the responsiveness of turgor loss point (TLP), symplastic relative water
content at the TLP (symplastic RWCrrpr), and total RWCrrp to their underlying variables, bulk
tissue elastic modulus (€), osmotic potential at full turgor (W), or apoplastic water fraction
(AWF). Absolute sensitivities were normalized to enable relative comparisons among input
variables.

Function Absolute sensitivity Standard error Normalized sensitivity Standard error
O0TLP/0d¢ 0.153 0.006 0.378 0.006
O TLP/ 0 Wpp 1.909 0.018 1.378 0.006
0 symplastic RWCrp /0 € 0.058 0.002 0.378 0.006
0 symplastic RWCrpp / 0 Wy 0.202 0.004 0.378 0.006
Ototal RWCrpp /0 € 0.023 0.000 0.136 0.002
0 total RWCrp / 0 Wrst 0.085 0.001 0.136 0.002
0 total RWCrpp / 0 AWF 0.270 0.003 0.171 0.004
<+ o

Figure 6. Total relative water content at
the turgor loss point (total RWCrrp) is
controlled by three underlying variables:

“« osmotic potential at full turgor (Wxs),
bulk tissue elastic modulus (¢), and
apoplastic water fraction (AWF). The

o« relative sensitivity of total RWCrLp to

changes in AWF declined with height in
Sequoiadendron tree while the relative
sensitivity to € increased. The result is
borne out in this ordinary least squares
regression in which the relative
o - sensitivity ratio (SR) of AWF to ¢

| T T T T i decreased with height in tree.

Height (m)

Water storage

Estimates for area-normalized hydraulic capacitance (Carea) in Sequoiadendron foliage
were quite large with a mean of 42.7 g m? MPa™! (range 26.0-62.8). Scaling our two metrics of
water storage capacity, Smass and Wmass, to whole-crown levels yielded very different estimates
for the importance of water storage capacity. We estimated the importance of Smass to be 85.1%
+ SE 11.5% of daily transpiration, whereas the importance of Wmass was far less at only 6.8% +
0.9%.
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Temporal changes in foliar water relations

Comparing water relations variables from the 180 shoot harvest locations measured in
both summer and fall revealed seasonal differences (Table 4). The largest percent changes from
summer to fall were increases in AWF (27.2%) and Sarea (20.8%). Area-normalized water
storage parameters exhibited larger seasonal differences than their mass-normalized counterparts.
Total RWCrrp increased while symplastic RWCrrp decreased. We did not observe seasonal
changes in Wxst, TLP or €.

Daily courses of Ww were overall more negative in upper crown than in lower crown
positions, decreasing at first direct sunlight, reaching minimum values at midday with an
occasional short recovery period, and then recovering to nearly pre-dawn values after the last
direct light (Fig. 8). Minimum Yw at a given position did not surpass its TLP, but subjecting any
tree’s lower crown foliage to Ww experienced in the upper crown would have resulted in turgor
loss. Diurnal courses of ¥y and W» mimicked the trajectories of Ww; ¥p approached zero while
Y decreased toward midday, followed by recovery as daylight diminished. The range of W= was
consistently equal to or greater than the range of W at any upper or lower crown position.

Water relations variable P-value % Change
AWF <0.01 +27.2
Yot 0.84
Table 4. Paired, two-tailed t-tests TLP 0.29
were used to compare summer versus total RWCrpp <0.01 +1.5
fall foliar water relations variables in symplastic RWCrp p 0.02 -1.4
Sfequoiadenflro'n. Ne.gati.ve percent c 0.06
differences indicate s1gn1ﬁcant co 0.02 12
summer-to-fall decreases in the
average value while positive Carea 0.02 +6.6
differences indicate increases. S mass <0.01 +11.7
S area <0.01 +20.8
Wmass 0.45
W area <0.01 +11.5

DISCUSSION

Our results suggest that gravity plays a major role in shaping the water relations of
Sequoiadendron. Height-related increases in osmotic concentration, apoplastic water fraction,
and bulk tissue elastic modulus enabled tight control over turgor pressure and water content.
Together with seasonal adjustments in water content and exceptionally large hydraulic
capacitance, these foliar water relations traits allow Sequoiadendron to regularly function close
to the turgor loss point.

Gravity explains variation in TLP

Recent meta-analyses revealed that the turgor loss point (TLP) can be an indicator of
drought tolerance both within and among species (Bartlett ef al., 2012, 2014). In tall trees,
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several environmental factors potentially contribute to variation in the TLP with height,
including the standing —0.01 MPa per meter of height imposed by gravity, the accumulation of
hydraulic resistance with path length (Petit et al., 2010), and overall drier microclimatic
conditions toward the tree tops (Parker, 1995). Therefore, one might expect the TLP to decrease
with height at a rate equivalent to or more extreme than the gravitational potential gradient.
However, factors associated with hydraulic constraints, not light, are consistently more important
to variation in leaf structure in Sequoia and Sequoiadendron (Koch et al., 2004; Ishii et al., 2008,
Ambrose et al., 2009; Oldham et al., 2010; Chin & Sillett 2016). Moreover, the slope of TLP on
height extracted from PV curves generated across all 12 study trees was indistinguishable from
that of the gravitational potential gradient. These results together suggest that gravity, not path
length or microclimate, was the primary environmental factor explaining variation in the TLP.

Tissue osmotic and elastic properties have both been reported to control variation in TLP
(Niinemets, 2001; Merchant et al., 2007; Mitchell et al., 2008), but a global meta-analysis of
water relations research implicated osmotica as the primary control (Bartlett ez al., 2012).
Consistent with this, our sensitivity analysis showed that TLP was more responsive to variation
in osmotica than to tissue elasticity across the range of values in Sequoiadendron. Moreover,
separating the components of water potential (Ww) over diurnal courses revealed that the range of
osmotic potential (=) was equivalent to or greater than the gravitational potential (‘¥g) at a given
height (Fig. 8). These results clearly demonstrate that variation in TLP in Sequoiadendron is
primarily controlled by tissue osmotica. The decreasing osmotic potential at full turgor (Wxf)
with height also supports this assertion. However, the widening difference between Wrst and TLP
with height (Fig. 2) suggests that turgor pressure (W) also decreases with height as observed for
other tall conifers (Koch et al., 2004; Woodruff et al., 2004; Meinzer et al., 2008). An
increasing influence of osmotica with height was also recorded in Eucalyptus regnans and
Pseudotsuga menziesii (Connor et al., 1977; Meinzer et al., 2008), a trend that we too inferred
from reported slopes of Ww and ¥ with height in Sequoia sempervirens (Koch et al., 2004). In
Pseudotsuga menziesii, a concomitant decrease in TLP has also been observed (Woodruff et al.,
2004). This research collectively points to a potentially common strategy of coping with the
gravitational potential gradient via osmotica that reduce TLP with height.

Maintaining sufficient water content

Higher osmotic concentrations clearly drive lower TLP, but the tradeoff is a concomitant
reduction in symplastic RWCrrp in the absence of elastic compensation (Bartlett et al., 2012).
The primary function of variation in elasticity may be a structural stiffening of tissues to limit
cell contraction under extremely low W= so that sufficient water content can be maintained
(Cheung et al., 1975). We observed no difference in the relative sensitivity of symplastic
RWCrLp to Watt versus g, confirming that the reduction in symplastic RWCrrp associated with
lower Wit was offset by stiffer tissues. The fact that symplastic RWCrrp throughout our study
trees remained above about 60% against height-related constraints is well explained by increased
tissue rigidity with height (Fig. 3). The regulation of tissue elastic properties with height in
Sequoiadendron may be accomplished by increasing the number of fibers and hypodermal layers
as well as the ratio of leaf vascular area to shoot area (Chin & Sillett, 2016).

Total RWCrLp appears to be controlled by an additional underlying variable—the balance
of water between the apoplasm and symplasm. Our sensitivity analysis revealed that total
RWCrLp was more responsive to variation in AWF than €. As with symplastic RWCrrp, higher
osmotic concentrations caused a reduction in total RWCTtLp when € was held constant, but this
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trend was offset by an increase in AWF (Fig. 7). At constant osmotic concentration, the same
change in AWF also relieved the dependence of total RWCrtLp on ¢, thus allowing tissue
structure to range from rigid to flexible without compromising total RWCrLp. With height in
tree, we observed a shift in the drivers that maintain total RWCrrp. Stiffer foliage was
associated with lower AWF, and the relative sensitivity of total RWCrtLp to AWF decreased
while the sensitivity to € increased along this vertical gradient (Fig. 6). This shift in the relative
importance of these drivers may serve two functions. First, stiffer foliage physically constrains
tissue contraction under low water potentials to conserve water content, which was sustained
above the 75% required to avoid metabolic inhibition and cell membrane destabilization (Lawlor
& Cornic, 2002; Steponkus, 1984). Second, we speculate that the concomitant increase in more
mobile symplastic water may better buffer swings in vapor pressure deficits experienced in the
upper Crowns.

Defining apoplastic water—a brief note

Foliage is structurally complex and contains several pathways for water transport.
Apoplastic transport occurs through cell walls (and intercellular spaces) outside of the protoplast
while symplastic transport occurs through cell protoplasm including plasmodesmata that connect
adjoining cells. The PV curve technique assumes apoplastic water remains constant over the
course of the measurements (Tyree, 1976; Turner, 1988). However, recent research indicates
that a substantial proportion of leaf hydraulic conductance outside the xylem is apoplastic
(Buckley, 2014; Scoffoni, 2015; Yaaran & Moshelion, 2016). Moreover, the hollow lumens of
tracheary elements carry water through leaf veins, yet these conduits are treated as part of the
apoplastic pathway since they lack protoplasm (Tyree & Hammel, 1972; Hacke, 2015).
Therefore, the apoplastic pathway is absolutely part of the transpiration stream, and we do not
consider apoplastic water (or its fraction, AWF) to be constant over the course of generating a
PV curve. This contradiction does not undermine the validity of PV curves, but it does call for a
more accurate anatomical portrayal of where the less mobile “apoplastic” water is stored.

Succulent giant sequoia shoots

Both hydraulic capacitance and water storage capacity have the potential to stabilize tree
physiological functions against fluctuations in environmental conditions within a diurnal cycle
(Edwards et al., 1986; Sack et al., 2003; Scholz et al., 2011; Martins et al., 2016). Height in
forest canopy is associated with increasingly desiccating microclimatic conditions (Parker,
1995), so one might expect an increase in hydraulic capacitance with height in tree as reported
for Sequoia sempervirens (Ishii et al., 2014). Instead we observed weak evidence for declining
Cmass in Sequoiadendron and no trend in Carea, similar to that reported for tall Pseudotsuga
menziesii (Woodruff et al., 2007). However, our exceptionally large values of Carea Were nearly
double that reported for a wide taxon sampling of tree species including other Cupressaceae
(Scholz et al., 2011; Ishii et al., 2014; Azuma et al., 2016). Such large Carea may be explained by
an abundance of leaf transfusion tissue, which can deform under low W to release stored water
(Brodribb & Holbrook, 2005; Oldham et al., 2010; Azuma et al., 2016). Sequoiadendron has
about three times the cross-sectional area of transfusion tissue per leaf compared to Sequoia and
Cryptomeria (Ishii et al., 2014; Azuma et al., 2016; Chin & Sillett, 2016). The capacity to
release large quantities of water over small changes in Ww may allow Sequoiadendron to delay
stomatal closure as humidity falls and demand for water by a drying atmosphere increases
(Martins et al., 2016). Rapid and full recharge of transfusion tissue and other capacitors may be
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fostered by abundant summertime snowmelt that supplies very large daily summertime demands
for water (Ambrose et al., 2016).

While hydraulic capacitance represents the ability for stored water to be released to the
transpiration stream, water storage capacity is the actual quantity of water available for release
(Scholz et al., 2011). We found a decrease in foliar water storage capacity with height in
Sequoiadendron in contrast to the increase found in both Sequoia and Cryptomeria that has been
proposed to lessen the severity of height-related hydraulic constraints (Ishii et al., 2014; Azuma
etal., 2016). Compared to Sarea Or Smass Which represent total water storage, the amount of water
storage that is actually “available” to the transpiration stream is that which can be used
(depleted) over some typical range of water potential (Zweifel et al., 2001). Here we define this
available water storage as the symplastic water fraction between Wy and TLP and calculated as
Warea or Wimass (Equation 7). Using this definition, the negative correlation between water storage
capacity and height essentially disappeared, suggesting that water storage does not play a role in
coping with the gravitational potential gradient in Sequoiadendron.

Scaling Smass versus Wmass to whole-crown levels provided dramatically different
estimates for the importance of water storage capacity. We computed a 12.5-fold difference
between these two storage metrics, with Smass representing 85.1% and Wmass only 6.8% of daily
water use. This latter estimate is very comparable to the 5.5% estimated for a mature Thuja
occidentalis using a modeling approach (Tyree, 1988) but smaller than the 25% estimated for
foliated branches of Picea abies seedlings using a suite of direct measurements (Zweifel et al.,
2001). There is no doubt that these estimates will vary widely due to weather-dependent
variation in daily transpiration (e.g., Ambrose et al., 2010). However, the importance given to
Sarea 1n estimating over 500% of the potential daily transpiration as reported for Sequoia tree tops
does not reflect available water even though hydraulic capacitance was also highest in the upper
crowns (Ishii et al., 2014). The difference of nearly two orders of magnitude is primarily a
reflection of how water storage is calculated. The area-normalized succulence reported by Ishii
et al. (2014) contains all shoot water, including the less mobile AWF, rather than water that is
available over the typical range of water potential as represented by Warea or Wimass. Given the
general pattern of leaf water storage contributing less to daily transpiration than stems (Scholz et
al., 2011), the enormous stems of Sequoiadendron and Sequoia have great potential to stabilize
water potential over longer time scales.

Seasonal water relations

Seasonal changes in osmotica and TLP with height are seldom quantified for tall trees,
but reports from Eucalyptus regnans and Pseudotsuga menziesii suggest that osmotic adjustment
may be a common strategy to maintain ¥, against gravity (Connor et al., 1977; Woodruffet al.,
2004). In Pseudotsuga menziesii, osmotic adjustment steepened the relationship between TLP
and height from a slope of essentially zero in spring to a slope approaching the gravitational
potential gradient in summer (Woodruff et al., 2004). In contrast, we observed neither a shift in
Wzt nor a steeper slope in the relationship between Wit and height from summer to fall,
indicating that sufficient ¥, was maintained between the measurement periods without the need
for osmotic adjustment. The lack of osmotic adjustment in Sequoiadendron may result from the
species occupying basin-like topographies containing abundant groundwater (Rundel, 1972;
Anderson, 1995). Indeed, our study trees grew on alluvial soils close to perennial watercourses,
and surface water flowed through each of our study sites throughout the measurement periods.
Alternatively, the fact that Wznt decreased with height in some but not all Sequoia (Koch et al.,
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2004; Ishii et al., 2014) suggests that seasonal osmotic adjustment could be induced by spatial or
temporal variation in environmental conditions.

Our seasonal estimates of water storage that were normalized by mass versus area yielded
very different results; mass-normalized estimates exhibited smaller differences than their area-
normalized counterparts. This discrepancy can be explained by developmental changes in shoot
anatomy combined with the nonlinear function we used to predict shoot areas from their masses.
Shoot density increases over time as new xylem is added, so late-season shoots tend toward a
region of relatively gentle slope in our predictive relationship where increases in mass occur with
little increase in area. Age-related increases in shoot density may therefore have driven a
reduction in fall estimates of mass-normalized water storage. Nonetheless, Smass which
represents shoot saturated water content including both available and unavailable components,
increased 11.7% over the course of the season and was likely associated with the increase in total
RWCrrr. These increases in water content, however, may not actually be available to the
transpiration stream because Wmass did not change and Cmass declined, together indicating that the
vast majority of this stored water was held outside the typical range of water potential.
Reductions in Cmass and symplastic RWCrLp appear to be caused by a proportional shift of shoot
water from more mobile symplastic to less mobile apoplastic compartments as indicated by the
concomitant 27.2% increase in AWF. Seasonal changes in anatomy that increase the ratio of
apoplasm to symplasm as shoots age may be responsible for this shift. Tracheid walls should
thicken relative to their lumen areas as seasonally drier conditions prevail. In Sequoiadendron,
the leaf fibers exhibit concentric lamellae that may enhance water storage over time as these
hydrophilic and high-capacity cell walls thicken (Célino et al., 2014; Zwieniecki & Boyce, 2014;
Chin & Sillett, 2016). It therefore appears that the seasonal increase in total RWCrrLp we
observed is carried by anatomical changes that promote water storage, but that this stored water
is not available to the transpiration stream within the typical range of water potential. We
speculate that this seasonal increase of less mobile water storage may function as a reserve that
maintains water content above dangerous thresholds to avoid precipitous declines in
physiological function during peak dry season.

Does giant sequoia exhibit risky behavior?

Diurnal courses of water potential components indicate that Sequoiadendron consistently
maintained positive W against gravity, but Ww routinely hovered close to the TLP (Fig. 8). This
“risky” behavior underscores the functional significance of several water relations traits. First,
decreasing Wrft with height maintained TLP below minimum Wy that were more negative with
height. Second, the passive concentration of these osmotica toward midday as the shoots
desiccated additionally promoted positive Wp. Third, our large values of Carea indicate the ability
to release ample quantities of water to the transpiration stream over small changes in Ww to
buffer diurnal variation in environmental conditions that become increasingly threatening as
midday Ww approach TLP. Finally, subjecting shoots in the lower crowns to Ww experienced in
the upper crowns would have resulted in turgor loss for each of the four trees, thus emphasizing
the functional importance of variation in water relations traits with height that successfully
prevented the typical range of Ww from sinking below TLP under gravitational constraints.
Operating close to the TLP while also having tight stomatal regulation may allow
Sequoiadendron to survive short-term drought by maximizing the functional range of water
potentials while avoiding rapid hydraulic failure, in which case overall drier climates should
result in carbon starvation (McDowell et al., 2008; Ambrose et al., 2009, 2015). Such an
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isohydric strategy may explain why the species appeared to tolerate the recent 2012-2017
California drought that killed more than 100 million other trees (USDA, 2016), yet it succumbed
to more extensive climatic shifts in the past 2.3 million years (Davis, 1999a, 1999b; Dodd &
DeSilva, 2016).

Contrasting strategies among tall conifers

Tall conifers potentially employ three contrasting shoot water relations strategies to
maintain Vp against height-related constraints. In the first strategy, TLP is uniform with height
in the spring but progressively declines with height in the summer months via osmotic
adjustment as observed in Pseudotsuga menziesii (Woodruff et al., 2004; Meinzer et al., 2008).
Whether hydraulic capacitance plays a role alongside osmotic adjustment in this strategy remains
unknown. In the second, the emphasis is on capacitive discharge of stored water. Both TLP and
Yrit are uniform with height, but increases in hydraulic capacitance and water storage may
reduce height-related hydraulic constraints as suggested for Sequoia and Cryptomeria (Ishii et
al.,2014; Azuma et al., 2016). Whether osmotic adjustment seasonally alters TLP with height in
this strategy remains uncertain because a decrease in Wrt with height has been documented for
Sequoia (Koch et al., 2004). In the third strategy, Wxst consistently maintains more negative TLP
with height as we determined for Sequoiadendron, but hydraulic capacitance and water storage
do not play a substantial role. These apparently contrasting strategies could be explained by
seasonal osmotic adjustment with height. During the spring to summer shoot growth phase,
osmotic concentrations increase with height perhaps to maintain sufficient W required for foliar
expansion against the gravitational potential gradient, as proposed by Woodruff et al. (2004).
The resulting expectation is a steepening (more negative) slope in the relationship between Wxs
and height during the dry season, which would be mirrored in the relationship between TLP and
height. Consistent with this expectation, data from Pseudotsuga menziesii measured during bud-
break in May and from Cryptomeria in May yielded essentially unchanging W=t and TLP with
height (Woodruff et al., 2004; Azuma et al., 2016). In addition, data from Pseudotsuga
menziesii, Sequoia, and Sequoiadendron during the growing season well after bud-break yielded
strongly negative slopes of Wzt and TLP with height (Monteuuis, 1987; Koch et al., 2004;
Woodruff et al., 2004). However, the fact that a relatively long period of seasonal osmotic
adjustment with height in Pseudotsuga menziesii does not perfectly coincide with the shorter
period of foliar expansion (Meinzer et al., 2008) indicates additional functions of seasonal
osmotic adjustment with height. Similar measurements on additional tree species, especially tall
angiosperms, are needed to further evaluate the commonness and function of seasonal osmotic
adjustment with height, and to determine whether or not increasing hydraulic capacitance and
water storage capacity with height are also seasonally regulated.

Conclusions

Gravity exerts a strong influence over foliar water relations of Sequoiadendron, yet
positive turgor pressures and high water contents were maintained along a height gradient
extending nearly 95 m above the ground. With increasing height in tree, higher osmotic
concentrations drove a reduction in TLP that matched the gravitational potential gradient. Water
contents were maintained above dangerous levels and controlled by a balance between tissue
elasticity and the proportion of less mobile apoplastic water. Hydraulic capacitance was nearly
twice as large as previously reported for other trees, indicating great potential to stabilize water
potentials against short-term fluctuations vapor pressure deficits. However, a seasonal shift
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toward less mobile apoplastic water helped maintain high water content as environmental
conditions became increasingly desiccating. This suite of foliar water relations traits, which may
be unique among tall trees, permits minimum midday water potentials to operate close to the
TLP, and may also enable the Earth’s largest tree species to survive short-term drought.
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CHAPTER 3

Stem water storage in giant sequoia tree tops

ABSTRACT

Nonsteady-state conditions within large trees generate water potential gradients that
release and absorb water from internal storage compartments. In such trees, water stored in
stems is an important contributor to transpiration that can reduce the probability of hydraulic
dysfunction as well as improve photosynthetic carbon gain. However, the dynamics of water
storage may be dampened with height in tree because of chronically low water potentials
associated with the gravitational potential gradient. I quantified the importance of elastic stem
water storage in the top 5 to 6 m of large Sequoiadendron giganteum (giant sequoia) trees using
a combination of detailed architectural measurements and automated sensors that monitored
diurnal fluxes in sap flow, stem diameter, and water potential. Relative water storage capacity in
stems contributed less than 2% of water transpired at the tree tops, and hydraulic capacitance was
similarly low, ranging from just 3 to 4 L MPa"! m>. These low values may be associated with
the chronically low water potentials imposed by gravity, and could indicate a trend of decreasing
water storage dynamics with height in tree. Branch diameter flux consistently and substantially
lagged behind fluxes in water potential and sap flow, which occurred in sync. This lag suggests
that the inner bark, which consists mostly of live secondary phloem tissue, was an important
hydraulic capacitor, and that hydraulic resistance between the xylem and phloem retards water
transfer between these tissues. Tree tops transpired an average of 114 L d”!, while whole-tree
water use ranged from 2227 to 3752 L d"! and corroborated previous measurements for similar-
sized giant sequoia. Despite transpiring more water than any other tree species on Earth, I
estimate that giant sequoia relies minimally on water stored in stems and foliage to augment
daily water use by 8 to 9% on warm and sunny summertime days. Extending this study to the
whole-tree level will be a challenging endeavor because of the nonsteady-state conditions that
are omnipresent within large trees.

INTRODUCTION

A central principal of the cohesion-tension theory is that water travels skyward via water
potential gradient of sequentially lower pressures along the soil-plant—atmosphere continuum
(Dixon & Joly 1895, Philip 1966). This simplified model can be modified by the addition of
nonsteady-state conditions in which water entering the roots does not match the amount exiting
the stomata (Hinckley et al. 2011). Such an imbalance between influx and efflux allows for
reversals of the normal pressure gradient that can cause water to flow into the plant directly from
the atmosphere (Burgess & Dawson 2004; Goldsmith et al. 2013; Dawson & Goldsmith 2018).
Nonsteady states routinely occur within plants, too, and water potential gradients largely dictate
the direction of flow among organs and tissues (Goldsmith 2013). Therefore, most plant parts
have the ability to serve as storage reservoirs by releasing or absorbing water according to the
distribution of water potentials within the whole plant. A truly steady-state system lacking these
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hydraulic buffering effects would be decidedly inflexible and consequently prone to hydraulic
dysfunction (Scholz et al. 2011).

Several metrics are commonly used to describe water storage dynamics in plants. Water
storage capacity is defined as the quantity of stored water that can be released to the transpiration
stream on a daily basis, and can be expressed in absolute liters or on a relative scale as a percent
of daily transpiration. Hydraulic capacitance is the ability for stored water to be released and is
expressed as the change in water content per change in water potential, normalized by tissue
volume (i.e., L MPa™! m?). These two metrics are related by an amount of releasable water, but
they reflect fundamentally different biological properties (Scholz et al. 2011). A hydraulic
capacitor is any plant component that can serve a water storage function and whose water
content changes as water potential gradients dictate.

In trees, all three organs—roots, stems, and leaves—can function as hydraulic capacitors
and therefore provide sources of water for transpiration (Waring & Running 1978; Waring et al.
1979; Goldstein et al. 1984; Holbrook & Sinclair 1992; Stratton et al. 2000; Meinzer et al. 2001).
Root water storage dynamics are rarely studied (Domec et al. 2006; Scholz et al. 2007, 2008)
perhaps because the small range of water potentials over which roots operate inhibits their ability
to release stored water compared to leaves and stems. Leaves, on the other hand, experience
large diurnal swings in water potential, but the relative contribution of leaf water storage to total
daily transpiration is generally lower than that of stems (Scholz et al. 2011), although this pattern
may be reversed in young saplings when foliage comprises a higher proportion of the total
biomass (Zweifel et al. 2001). In large trees, stems contain the vast majority of the total plant
volume (e.g., Wickens 2008; Sillett et al. 2015) and therefore represent potentially enormous
reservoirs for water storage. For example, wood of the famed Madagascar baobab trees
(Adansonia spp.) contains up to 79% water (Chapotin et al. 2006a). Stem water storage has long
been considered an important contributor to tree transpiration (Reynolds 1965; Waring &
Running 1978; Nielsen et al. 1990; Zweifel et al. 2001; Pfautsch et al. 2015a), and mobilization
of water stored in stems is particularly well suited for buffering transpiration—induced xylem
tension to reduce cavitation and loss of hydraulic conductivity (Meinzer et al. 2009). It can also
prolong stomatal opening and enable early flushing of leaves, thus increasing carbon gain
(Borchert 1994; Goldstein et al. 1998; Phillips et al. 2003; Chapotin et al. 2006b).

Stem water storage capacity scales positively with tree size (Scholz et al. 2011), but
relative water storage capacity appears to be size-independent as values range widely from 4% in
mature Pinus ponderosa to over 50% in saplings of Picea abies (Phillips et al. 2003; Zweifel et
al. 2001). Reliance on stem water storage increases during dry periods when water potential flux
is greatest, which underscores the physiological importance of water storage dynamics both in
dry environments and also seasonally when water is limited (Phillips et al. 1997, 2003; Chapotin
et al. 2006b; Bucci et al. 2008). Tall trees must cope with a different kind of water limitation
because the gravitational potential gradient imposes lower water potentials with height in tree at
a rate of -0.0098 MPa m™' (Nobel 1983). In principal, higher capacitances with height in tree
should be particularly beneficial for reducing the probability of cavitation by releasing stored
water when midday water potentials, which are also influenced by gravity, are lowest (Meinzer
et al. 2009). Indeed, stem hydraulic capacitance increases with total tree height, varying by more
than an order of magnitude from about 20 to 500 L MPa! m™ (Scholz et al. 2011). However,
this relationship at the whole-tree level may be misleading because water storage capacity as
well as hydraulic capacitance may be limited by chronically low water potentials that occur at
the tops of tall trees (e.g., Koch et al. 2004; Woodruff et al. 2004) where full tissue hydration
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might rarely occur. In foliage, for example, gravity-corrected relative water content decreased
well below 100% along height gradient in tall Sequoiadendron giganteum trees (Williams et al.
2017). Studying hydraulic capacitance along a height gradient within trees or at the tops of tall
trees could reveal that the dynamics of stem water storage are subdued by gravity.

Both wood and bark can serve as hydraulic capacitors in stems. In secondary xylem at
very high water potentials (e.g., 0 to —0.05 MPa), stored water is released from the long tapered
ends of conduits that have already embolized (Tyree & Zimmermann 2002). Then from high to
moderate water potentials, elastic shrinkage of the sapwood releases water primarily from ray
parenchyma cells (Tyree & Yang 1990; Holbrook 1995). Finally, inelastic displacement of
water occurs by the formation of new embolisms during low water potentials (Tyree & Yang
1990). The inner bark, classically defined as the live components of the bark and consisting
mostly of secondary phloem tissue (Evert 2006), may also release water via elastic shrinkage and
thus serve as a hydraulic capacitor (Pfautsch et al. 2015a). Secondary phloem and the sugary
phloate it transports can exceed the water storage capacity of the xylem (Sevanto et al. 2002,
2003, 2011; Mencuccini et al. 2013). The cohesion-tension theory of water flow (Dixon & Joly
1895) and the pressure-flow model of phloate transport (Miinch 1930) are currently the best
supported models for transport through plant vascular tissue (Tyree & Zimmermann 2002;
Holbrook & Zwieniecki 2011), but xylem and phloem tissues have primarily been studied as
separate systems. The physiological importance of a direct hydraulic connection between these
two transport tissues was only recently realized (Zweifel et al. 2001; Holttd et al. 2006, 2009;
Stroock et al. 2014), and experimental confirmation of xylem-phloem water transfer has now
been provided (Pfautsch et al. 2015b). The direction and rate of water transfer into or out of the
transpiration stream is driven by a difference in water potentials between xylem and phloem
tissues (Pfautsch et al. 2015a). That is, nonsteady-state conditions inside stems allow both the
wood and bark to serve as hydraulic capacitors.

California’s giant sequoia (Sequoiadendron giganteum (Lindley) J. Buchholz) has great
potential for reliance on stem water storage. First, its massive trunks and immense crowns that
can support 1400 m* of wood and 6700 m? of leaf area (Van Pelt 2001, Sillett et al. 2015) have
the capacity to store large volumes of water, especially since absolute water storage capacity
increases with tree size (Scholz et al. 2011). Second, the species is restricted to basin-like
topographies in the southern Sierra Nevada Mountains where summertime atmospheric
conditions are typically warm and dry, yet the soils contain abundant subsurface groundwater
(Rundel 1972; Anderson et al. 1995; Willard 2000). This combination of environmental
conditions could foster highly dynamic recharge-discharge cycles because hydraulic capacitors
that are depleted in the daytime have the potential to completely refill at night. Third, water
storage is typically greater in stems than in foliage (Scholz et al. 2011) which in large
Sequoiadendron trees can release as much as 150 L d! (Williams et al. 2017), so stems of this
species could contribute substantially to water storage capacity. Fourth, the combination of
Sequoiadendron’s large size and the environmental conditions in which the species lives
supports very large demands for water, with 2220 and 2720 L d! reported for two large
individuals during warm and dry summertime conditions (Ambrose et al. 2016). Such copious
water demands must be partly satisfied by water stored in stems, but the importance of this
contribution in Sequoiadendron remains unknown.

This investigation assessed dynamic water storage in the stems of large trees. The
primary objective was to quantify the elastic component of stem water storage at the tops of large
Sequoiadendron. Efforts were focused at the tree tops in order to capture water potentials that
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were chronically low but had pronounced diurnal variation to drive flux in elastic water storage
under gravitational constraints. Although it was not one of the initial objectives, data generated
at the tree top also allowed qualitative evaluation of the hydraulic connection between secondary
xylem and inner bark tissues. The secondary objective was to provide context for tree-top water
use and storage, which I accomplished by quantifying volumetric sap flow at the whole-tree
level. This quantification enabled us to corroborate previous estimates of daily water use in two
Sequoiadendron trees, as these estimates were the largest reported for any trees on Earth
(Ambrose et al. 2016).

MATERIALS & METHODS

Study location, tree selection, and study design

Three study trees were selected from Whitaker’s Forest Research Station (36°41'60"N
118°55'50"W; 1740 m elevation) which is located in California’s Sierra Nevada Mountains and
owned by the University of California, Berkeley. The site is dominated by mature and second-
growth mixed conifer forest and contains exceptionally tall Sequoiadendron trees (Willard et al.
2000). Trees were considered for the study if they were at least 80 m tall, supported fully
emergent and intact tops, reached apparent maximum height, and had no evidence of major fire
damage at their bases (Table 1).

Table 1. Characteristics of Sequoiadendron giganteum trees used to estimate the importance of
stem water storage in tree tops. Leaf area and minimum age were calculated according to Sillett
et al. (2015).

Main trunk Sapwood Leaf area Minimum
Tree DBH(cm) Height(m) volume (m®)  area(m? (m?) age (yr)
1 438 82.1 290 1.22 3744 556
2 496 86.3 413 1.23 4102 708
3 424 85.7 259 0.71 3827 619

Tree crowns were accessed using arborist techniques (Jepson 2000). Tree tops were
defined as distal to an unbranched and undamaged section of trunk between 30 and 40 cm in
diameter, which corresponded to 76.1 to 81.1 m above ground level. These clear sections of
trunk facilitated installation of sensors as well as measurements of stem diameter needed for
estimation of stem volumes. From each tree top, three representative branches were selected for
detailed study based on their size, azimuthal trajectory, and apparent vigor. The demarcation of
tree tops focused the study to the distal 5.2 to 6.0 m of each tree and a total of nine branches that
were 7.1 to 12.0 cm basal diameter (mean 9.8 cm) and supported 12.0 to 41.0 m of total stem
path length (mean 28.6 m).

Four types of automated sensors were deployed in each tree (Figure 1). Temperature and
relative humidity sensors were placed at the tree tops. Sap flow gauges were installed at the tree
base, at the base of the tree top, and at the base of the three representative branches to monitor
the rate of water use at each of these levels. A set of dendrometers was paired with the tree-top
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Figure 1. Distribution of physiological sensors deployed in three large Sequoiadendron
giganteum trees to quantify the importance of stem water storage.
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sap flow gauges to monitor changes in stem diameter. Stem psychrometers, which measured
xylem water potential, were installed on one study branch in each tree. A tree’s sensor array
combined with detailed measurements of stem volume allowed quantifying water use at the
whole-tree, tree-top, and whole-branch levels; estimating displacement of stored stem water at
the tree-top and whole-branch levels; and evaluating sources of stem water storage. All sensor
arrays were powered by sealed lead-acid batteries that were charged by solar panels.
Dataloggers were programmed to record data on a 20-min schedule continuously from mid-July
through September 2013. Although 2.5 months of data were collected in total, wound responses,
power failures, and sensor malfunctions interrupted periods of otherwise continuous data. I
therefore selected the most continuous and highest quality data from a 7-day period extending
August 1% to August 7™ for analysis.

Stem volume estimates

Two separate protocols were followed to estimate total stem volume in each tree top.
First, the main trunk as well as accessory trunks and their connecting limbs were each divided
into segments in which proximal and distal positions corresponded with stem junctions or
termini. Height above ground, azimuth and distance from main trunk, and stem diameter were
recorded for each position, thus allowing the stem segments to be modeled in three dimensional
space as conical frusta whose volumes could be calculated. A separate protocol was used to
predict each of the remaining stem volumes (V) which all occurred in branches. Branch V was
predicted from simple field estimates of branch parameters using the equation,

V =0.00014158*D*!84 + 0.0073865*P% 73 + 0.0020964*F 1408 (Equation 1)

where D is branch basal diameter (cm), P is live stem path length >7 cm diameter (m), and F is
the count of foliar units (R? = 0.9781; Sillett et al. 2015). A foliar unit was defined as a typical
quantity of foliage occupying an intact branch with a basal diameter of 7.0 cm. The number of
these repeating clusters of foliage on each branch was estimated to 0.1 F. Since the standard
errors for each component of Equation 1 were unavailable (Sillett et al. 2015), I conservatively
estimated the uncertainty for each variable based on the difficulty of making field measurements,
using 5% for D, 20% for P, and 50% for F. Propagation of uncertainties followed standard
practices (Bevington & Robinson 2002) to obtain V. In addition to estimating V for each stem
segment, the nine branches from each tree that were selected for detailed study were dissected to
obtain high-resolution estimates of stem V. These dissected stems were cut at whole cm
diameter increments yielding 344 total segments that were modeled as conical frusta. Field
measurements used to obtain estimates of stem V were made with clinometers, compasses,
measuring tapes, and an Impulse® laser range finder (Laser Technology, Inc.). Heights and
distances were measured to 0.1 m resolution, diameters to 0.1 cm, and azimuths to the nearest
degree.

Environmental conditions

Air temperature and relative humidity were recorded using two USB-programmable
dataloggers (model EL-USB-2; Lascar Electronics Inc., Erie, PA, USA) secured to each of the
study branches. Each logger was suspended inside a foil-covered cap to shield it from direct
sunlight. Vapor pressure deficit was calculated using Tetens’ equation (Buck 1981). I provided
context for these summertime conditions by comparing them to a full year (2013) of data
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generated from a weather station perched atop another Sequoiadendron of similar height located
23 km to the southeast in Sequoia National Park in Giant Forest at 2131 m elevation.

Sap flow

In each study tree, sap flow was measured using the heat ratio method (HRM; Burgess et
al. 2001) in the trunk at tree-base and tree-top positions as well as in the three branches selected
for detailed study. At a tree’s base just above the trunk buttresses, which corresponded to about
6.5 m above ground level, six HRM probesets were inserted into the wood with equal azimuthal
spacing between sets. Two custom-built 110-mm long probesets each connected to a datalogger
via a relay multiplexer (models CR10x, AM16/32; Campbell Scientific, Logan, UT, USA) were
installed at 90° and 270°. These custom probesets captured the radial profile of heat pulse
velocity across the thick layer of sapwood by measuring the velocity at ten equally spaced radial
depths from 12.5 to 100.0 mm. Four additional 35-mm long HRM probe sets connected to
dataloggers (SmartLogger; ICT International Ltd., Armidale, NSW, Australia) measured heat
pulse velocity at 12.5 and 27.5-mm depths and were installed at 30°, 150°, 210°, and 330° to
sample additional circumferential variation in the velocity at the bases of the large main trunks.
Tree-top heat pulse velocity was measured in the trunk using three 35-mm long HRM probes
installed with equal azimuthal spacing, while in branches it was measured using two 35-mm long
HRM probes installed at opposite sides of the main stem axis at approximately 45° from vertical.
All probesets were installed with 6 mm spacing between probes.

At the end of the field campaign, a zero reference heat pulse velocity was obtained by
severing the xylem at each sap flow measurement position and recording the sap flow for an
additional 48 hours. For trunks, 5 and 12-mm diameter increment cores were extracted directly
below and above each of the HRM probesets, and the cores were used to determine bark and
sapwood radii as well as wood density and water content using the water-immersion method.
For branches, the primary stem axes were cut 5 cm distal to the HRM probesets, and the cut ends
were sealed in plastic bags to prevent evaporation. The harvested branches were then lowered to
the ground where 12 mm diameter cores were extracted to determine wood density and water
content, and stem volumes were measured during dissection. At each measurement position, a
transverse section of wood was sawn from the branch, sanded with 600 grit sandpaper, and
digitally scanned at 600 dpi so that high resolution measurements of sapwood cross-sectional
area could be obtained using Adobe PhotoShop (Adobe Systems, San Jose, California). The
bark and sapwood radii along with stem diameters provided the geometric inputs for calculating
sapwood cross-sectional areas at each measurement point on a trunk. Each of the sapwood
cross-sectional areas for trunks and branches was then divided into concentric annuli delineated
by the midpoint between HRM measurement depths.

Missing data points that spanned up to 10 consecutive 20-min intervals rendered several
of the sap flow datasets unusable, so a data cleaning procedure was applied. All sap flow
datasets were gap-filled using a Hampel Filter with k=10 and t = 1, in which values within a
sliding window of 2k+1 time stamps that differed from the median of the window by more than t
standard deviations were replaced with the median value (Pearson 2002). Each time series
dataset was then smoothed using a 60-minute moving average. These data cleaning procedures
were implemented using the R package ‘pracma’ (Borchers 2017; R Core Development Team
2017). The cleaned heat pulse velocities were corrected for probe misalignment errors using the
zero reference values and for wounding errors assuming a 0.17 cm wound response (Burgess et
al. 2001), and then converted to sap velocities using the wood properties obtained from
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increment cores (Becker & Edwards 1999). Scaling from sap velocities to volumetric flow rates
at a measurement position was accomplished by multiplying the average sap velocity of all
replicate depths by the cross-sectional area of the corresponding annulus and then summing
across all annuli (Hatton et al. 1990). Standard errors were estimated for each 20-minute interval
using the velocities obtained across the depth profile of all sap flow gauges at a measurement
position. For the tree bases, these scaling and error propagation procedures were performed
separately for the 35 mm versus 110 mm probesets to enable comparisons between the two
methodologies.

Dendrometry

Point dendrometers consisting of pressure transducers mounted to temperature-insensitive
carbon fiber frames (models ZN11-T-WP, ZN11-Ox-WP; Natkon.ch, Oetwil am See,
Switzerland) were installed onto the trunk and branches in each tree top to measure radial
changes in stem size. On trunks, two dendrometers facing opposite azimuths were positioned at
the base of the tree top and another about 1.5 m from the tree apex. On branches, one
dendrometer was paired with the sap flow gages near a branch’s base and another about 1.5 m
from its terminus. Dead bark tissues were removed at the point of contact between the sensor
head and the stem prior to installation. The dendrometers were wired to dataloggers (model
CR23x; Campbell Scientific, Logan, UT, USA) and yielded a resolution of less than 1 pm.
Temperature was recorded using a USB-programmable datalogger (model EL-USB-2; Lascar
Electronics Inc., Erie, PA, USA) positioned immediately adjacent to each dendrometer, so that a
correction factor of -0.28 um °C! could be applied. Stem diameter was recorded at each
dendrometer position and used as a baseline from which changes in diameter were added.
Diurnal changes in stem diameter were assumed to reflect physical deformation due to
discharge-recharge cycles of water storage.

Psychrometry

Stem psychrometers connected to microvolt dataloggers (model PSY1; ICT International
Ltd., Armidale, NSW, Australia) provided measurements of stem xylem water potential to 0.01
MPa resolution for branch in each tree. Psychrometers were cleaned, calibrated, and installed
following the manufacturer’s instructions, except that self-fusing silicone tape (Rescue Tape;
Harbor Products Inc., Carson City, NV, USA), not vacuum grease, was used to hermetically seal
the chamber against the stem. This modification prevented grease from leaking into the chamber
and contaminating the delicate thermocouples under warm conditions. Plastic C-clamps were
used to firmly secure the psychrometers to the selected branches, which were 3 to 4 cm diameter
at the point of installation. Pre-dawn and mid-day water potentials measured on nearby shoots
with a Scholander pressure chamber (model 1000, PMS Instrument Co., Corvallis, OR) validated
the stem psychrometer measurements.

Scaling stem water storage to the tree top

A two-step process was used to scale stem water storage to entire tree tops. In the first
step, a relationship was developed to predict diurnal change in stem volume (AV) from stem V.
The tree-top trunks and main stem axes of branches selected for detailed study were partitioned
into conical frusta delimited by dendrometer positions. Daily average maximum and average
minimum diameters measured by the dendrometers at those positions were used to calculate a
maximum diurnal change in frustum volume for each stem segment. This provided 12 pairs of V

56



and AV for a predictive relationship (i.e., 1 trunk segment and 3 branch segments from each of 3
trees) but did not consider small stem segments beyond the distalmost dendrometers. Therefore,
I assumed that a stem of 0 cm diameter yielded 0 AV which provided an additional set of stem
segments for the predictive relationship; that is, the trunk or branch stem segment beyond a
stem’s distalmost dendrometer was modeled as a cone whose base fluctuated in diameter but
whose top did not. Exercising this assumption doubled the number of points for deriving a
relationship for predicting AV from V. These two variables were logio-transformed to comply
with assumptions of normality and homoscedasticity (Sokal & Rohlf, 1995) prior to fitting a
power function using ordinary least squares regression that yielded a predictive relationship in
which 98.59% of the variation in AV was explained by V,

AV = 1.4295%\ 08622 (Equation 2)

Uncertainty in predicting AV from Equation 2 assumed 5% error in estimating stem volume from
field measurements. In the second step, this power function was applied to the remaining stem
segments, which included accessory trunks and their connecting limb segments as well as
components of the dissected branches for which dendrometer data were lacking. Equation 2 was
also applied to whole branches whose total stem volumes were predicted from Equation 1, and
the uncertainty in estimating V from Equation 1 was carried forward. Finally, total tree-top AV
was summed across all components to arrive at a final estimate for diurnal tree-top stem water
storage capacity, and the component uncertainties were added in quadrature. The importance of
stored stem water was then expressed as the quotient of tree-top stem water storage per daily
summertime water use.

Time lags

Sources of water storage in trees may be identified by comparing the timing of peaks and
troughs in different time series datasets such that time lags indicate water storage (Scholz et al.
2011). Hydraulic resistance between xylem and inner bark tissues decouples the diurnal size
fluctuations of these tissues (Zweifel et al. 2014), leading to a predictable lag in water potentials
between them (Pfautsch et al. 2015a). To evaluate whether water storage was sourced from
inner bark, I used a cross-correlation analysis to identify lags among fluxes in branch sap flow,
stem size, and stem water potential. Cross-correlation analysis slides one time series over a
second, calculating the product and then the integral of that product at each time step; the largest
integral is accepted as the final best alignment, and a correlation coefficient is calculated
(Chatfield 1996). The number of lagged time steps to obtain the largest integral indicates the
direction and duration of lag between fluxes. Stem size flux that lagged behind sap flow and
water potential was considered evidence that the inner bark served a hydraulic capacitance
function. Cross-correlation analyses were performed in R (R Core Development Team 2017).

RESULTS

Environmental conditions

The intensive study period extending August 1-7 captured warm and dry conditions
typical for summertime in the Southern Sierra Nevada Mountains (Figure 2). Few clouds were
observed. Average temperature was 18.6 °C (range 13.6 to 22.9), relative humidity was 38.9%
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(range 26.4 to 58.1), and vapor pressure deficit was 1.3 kPa (range 0.7 to 1.9). Compared to
Giant Forest, conditions at Whitaker’s Forest were generally warmer and drier with higher vapor
pressure deficits, but the two sites experienced similar trajectories in these variables (Figure 2).

Daily water use

Volumetric sap flow rates measured at tree-base and tree-top positions followed clear
diurnal cycles, with lowest rates between 6:00 and 6:30 and highest rates in the early to late
afternoon (Figures 3, 4). Among tree bases, the outermost 1-2 cm of the sapwood had
consistently lower sap flow rates (Figure 4), but the remaining radial profile failed to show a
consistent pattern. Whole-tree water use measured for five complete days via the 110-mm long
probes was slightly larger but within one standard error of the 35-mm long probes also
positioned at tree bases. Average daily volumetric sap flow measured with the long probes was
2227 £ 181 to 3752 + 177 L d'!, which corresponded to 0.582 + 0.124 to 0.915 £ 0.105 L d"! m™
when expressed per unit of leaf area (Table 2). Tree top volumetric sap flow measured with the
35-mm long probes averaged 98 + 15 to 134 £ 22 L d'!, and ranged 0.670 = 0.151 to 0.830 +
0.165 L d' when expressed per unit of leaf area. Daily water use per unit of leaf area was not
different at tree base and tree top positions (one-tailed t-test, P=0.22).

Elastic water storage

Dendrometers installed onto trunks and branches at the tree top positions registered
maximum stem sizes around 8:00 and minima in the early evening (Figure 3). These daily fluxes
in stem diameter were just a fraction of a millimeter, but were larger in trunks (0.235 £+ 0.008
mm d!) than in branches (0.1105 + 0.004 mm d!). Overall larger stems yielded larger fluxes in
stem volumes (Figure 5). Combining the stem size flux data with stem geometries, I estimated
elastic stem water storage at the tree tops to range from 1.49 = 0.03 L d”!' to 2.47 £ 0.035 L d°/,
which corresponded to 1.52 + 0.15% to 1.84 £ 0.16% of daily sap flow through the tree tops
(Table 3). Thus, water stored in stems contributed less than 2% of daily tree top water use.

Xylem water potential

Stem psychrometers applied to the xylem of the study branches showed that daily fluxes
in water potentials were routinely 0.75 to 0.90 MPa and displayed clear diurnal courses (Figure
3). Maximum values averaged over the 7-day study period occurred between 5:00 and 7:00 and
ranged from —0.90 to —1.04 MPa, while minimum values occurred between 17:00 and 18:00 and
ranged from —1.79 to —1.84 MPa. A slight mid-day increase in water potentials was observed in
the early afternoon in some branches.

Time lags

Among the three trees, I observed several consistent hysteresis-like behaviors and time
lags between sensor positions and types of sensors over the seven days of measurements (Figure
3, Table 4). For example, in each of the nine study branches and in each of the three tree-top
trunks, diameter flux measured via dendrometry lagged behind sap flow by 1 hr to 5 hrs 20 min.
Flux in branch diameter also consistently lagged behind branch water potential measured with
the stem psychrometers. However, fluxes in branch sap flow and water potential were not
consistently offset in time. Sap flow at trunk bases did not lag behind trunk sap flow at the tree
tops, while lags in sap flow among branches as well as between branches and trunks were
inconsistent (data not shown).
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Table 2. Average daily volumetric sap flow rates + 1 SE expressed in absolute terms as well as
normalized by leaf area, measured at the whole-tree level and the top 5 to 6 m for three large
Sequoiadendron giganteum trees.

Whole tree Tree top
Tree Ld* Ld*m’ Ld* Ld'm’
1 3538 + 168 0.945 £ 0.105 109 + 18 0.830 £ 0.165
2 3752+ 177 0.915 £ 0.105 134 +£ 22 0.641 £0.162
3 2227 + 181 0.582+0.124 98 + 15 0.670 £ 0.151

DISCUSSION

The objectives were to quantify the importance of elastic stem water storage at the tops of
large Sequoiadendron trees and to provide context for tree top water use and storage by
estimating whole-tree daily water use. Results were consistent with the notion that chronically
low water potentials may subdue water storage dynamics, and suggest that a hydraulic
connection between secondary xylem and inner bark allows stored water to be released from the
live phloem tissues. Water storage capacity in stems contributed a small amount to daily whole-
tree water use, which exceeded 3000 L d™'.

Water storage capacity and hydraulic capacitance

Absolute water storage capacity was larger in more voluminous stems, consistent with
the positive relationship between stem diameter and amount of stored water used commonly
observed in both angiosperms and conifers (Scholz et al. 2011). Extrapolating this trend to the
enormous sizes of Sequoiadendron trunks would suggest great potential for large amounts of
water storage, but the water storage volume alone does not necessarily convey its importance.
For example, I estimated that the elastic component of stem water storage contributed less than
2% to daily transpired water on warm and sunny summertime days. Adding the contribution
from inelastic displacement of water associated with the formation of new embolisms during low
water potentials (Tyree & Yang 1990) would likely impart a minimal effect given the very high
retention of hydraulic conductivities that occur under normal operating water potentials at the
tops of tall Sequoiadendron (Ambrose et al. 2009). The small contribution of stem water storage
leads us to conclude that this storage reservoir is of less relative importance than foliage, which
contributes approximately 7% of daily water use in Sequoiadendron (Williams et al. 2017). This
means that stems contributed about 29% of the aboveground stored water, which fits within the
15 to 35% predicted for stems using modelling approaches (Edwards et al. 1986, Tyree 1988,
Zweifel & Hisler 2001). Combined, the relative importance of the stems and the foliage in
Sequoiadendron (8 to 9%) provides estimates close to that reported for potted Picea abies
saplings (Zweifel et al. 2001) and within the range reported for larger conifers (Phillips et al.
2003). However, values up to 50% have been reported (Scholz et al. 2011), some of which may
reflect a choice of methods. For example, sap flux in trunks that lags behind canopy branches
has been attributed to water storage (Phillips et al. 1997; Goldstein et al. 1998, Meinzer et al.
2004, Cermak et al. 2007, Scholz et al. 2008; Kocher et al. 2013), but variable illumination
patterns among branches over the course of a day can translate into variation in the timing of
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Figure 4. Example diurnal course of sap flow in a large Sequoiadendron giganteum tree
averaged from two probesets positioned at opposite sides of the tree base. Upper panel: average
sap velocity across the radial profile of sapwood at 10 equally spaced depths. Lower panel:

diurnal course of volumetric flow sap flow integrated across the sapwood. Vertical bars are = 1
standard error.
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increased with stem volume (V) in the top 5-6 m of large Sequoiadendron giganteum trees. Solid
line represents a power function derived via ordinary least squares regression of logio-
transformed data. Dashed envelope represents 95% confidence interval.

transpirational demand and therefore obscure water storage dynamics (Burgess & Dawson 2008).
The sap flux data underscore this methodological consideration because I observed highly
variable time lags among sap flux measurements in branches but no differences in flux between
upper and lower trunk positions. Therefore, the results support the tendency for larger stems to
rely on larger absolute volumes of stored water, but the relative contribution of stored water does
not appear to scale universally with tree size (Scholz et al. 2011).

The combination of dendrometry, geometry, and psychrometry enabled the calculation of
hydraulic capacitance at the branch segment level for one branch in each tree. These values,
which ranged from about 3 to 4 L MPa! m™, were one to two orders of magnitude smaller than
previous reports for conifer sapwood (Scholz et al. 2011). This large discrepancy can be
attributed to several factors. First, the gravitational potential gradient imposed chronically low
water potentials in the branches studied here, which were 78 to 83 m above ground level.
Moisture release curves generated for conifer sapwood prior to the inelastic release of stored
water indicate that hydraulic capacitance decreases with more negative water potentials (Waring
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Table 3. Stem volumes and water storage capacities = 1 SE in the top 5 to 6 m of large
Sequoiadendron giganteum trees.

Absolute water storage Relative water storage

Tree Stem volume (m°) capacity (L d™) capacity (%)
1 0.719 £ 0.013 1.707 £ 0.025 1.560 £ 0.164
2 1.095 £ 0.019 2.471 +0.035 1.840 £ 0.162
3 0.621 £0.014 1.493 £ 0.026 1.524 £ 0.150

et al. 1979; Tyree & Yang 1990; Barnard et al. 2011; McCulloh et al. 2014). Thus, while the
range of water potentials over which hydraulic capacitance was measured may be similar among
studies and controlled for in its calculation, the amount of releasable water is highly dependent
upon the absolute water potentials one normally observes in the field. Second, high-density
wood has low water content (Borchert 1994). The relatively high wood density in the study
branches (mean 0.448 g cm™) indicates correspondingly small proportions of ray parenchyma
that are known to express high hydraulic capacitance (Holbrook 1995; Meinzer et al. 2003, 2006,
2008; Scholz et al. 2007). I speculate that relatively high wood density explains the smaller
hydraulic capacitances observed in branches versus trunks (McCulloh et al. 2014) as well as in
the trunk near the tree tops versus tree bases (Domec & Gartner 2001) from which the majority
of reported sapwood capacitance values have been derived (Scholz et al. 2011). Third, a
difference in the types of tissues measured renders direct comparisons challenging. The
methodology I used for estimating hydraulic capacitance included all tissues in a stem segment
and did not allow for separating the contributions from inner bark versus secondary xylem,
whereas others include only sapwood. Inner bark is known to function as a hydraulic capacitor
(Pfautsch et al. 2015a), and the potential for heartwood capacitance remains unclear (White et al.
1985). Despite these differences, estimates of stem hydraulic capacitance suggest that very little
water is expressed per volume of tissue under normal operating water potentials in tree-top
branches of Sequoiadendron.

The notion that low water potentials could subdue water storage dynamics can in
principal be extended beyond the tops of tall trees to include shorter statured woody plants that
occupy dry environments. For example, predawn water potentials in Juniperus monospera that
can remain between —2.0 and —4.0 MPa for months (Breshears et al. 2009) may inhibit capacitive
release of water stored in stems. The fact that hydraulic capacitance decreases with more
negative water potentials (Waring et al. 1979; Tyree & Yang 1990; Barnard et al. 2011;
McCulloh et al. 2014) supports the extension of these results to short-statured woody plants that
are under chronically low water potentials.

Support for xylem-phloem water transfer

The sequence of time lags and hysteresis-like behaviors I observed among fluxes in sap
flow, water potential, and branch diameter enabled qualitative evaluation of the hydraulic
connection between secondary xylem and secondary phloem. As proposed by Pfautsch et al.
(2015a), a diurnal course of the hydraulic interaction between these tissues can be divided into
four phases that are driven by transpiration-induced water potential flux and outwardly expressed
as changes in stem diameter. Starting pre-dawn when transpiration is very slow, water potentials
in the xylem and phloem tissues are relaxed and at equilibrium, and stem diameter is stable.
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Table 4. Lag times among fluxes in sap flow, branch diameter, and xylem water potential
measured in stems in the top 5 to 6 m of three large Sequoiadendron giganteum trees. Positive
lags imply position 1, sensor 1 lagged behind position 2, sensor 2. Values were derived from
cross-correlation analysis.

Cross-correlation

Tree Position 1, sensor 1 Position 2, sensor 2 Lag time (h:mm) coeficient
1 Tree base trunk, sap flow Tree top trunk, sap flow -0:40 to 0220 0.98
1 Branch 1, dendrometer Branch 1, sap flow 2:00 to 2:40 0.96
1 Branch 2, dendrometer Branch 2, sap flow 4:20 to 5220 0.81
1 Branch 3, dendrometer Branch 3, sap flow 1:00 to 1:40 0.96
1 Tree top trunk, dendrometer Tree top trunk, sap flow 1:40 to 2:20 0.93
1 Branch 2, psychrometer Branch 2, sap flow 0:20 to 1:00 0.77
1 Branch 2, dendrometer Branch 2, psychrometer 2:40 to 3:20 0.95
2 Tree base trunk, sap flow Tree top trunk, sap flow -0:20 to 0:20 0.99
2 Branch 4, dendrometer Branch 4, sap flow 1:40 to 2:20 0.86
2 Branch 5, dendrometer Branch 5, sap flow 1:40 to 2:40 0.83
2 Branch 6, dendrometer Branch 6, sap flow 1:40 to 2:00 0.81
2 Tree top trunk, dendrometer Tree top trunk, sap flow 1:40 to 2:40 0.93
2 Branch 5, psychrometer Branch 5, sap flow -0:20 to 0:20 0.93
2 Branch 5, dendrometer Branch 5, psychrometer 2:00 to 2:40 0.92
3 Tree base trunk, sap flow Tree top trunk, sap flow -0:220 to 0:20 0.97
3 Branch 7, dendrometer Branch 7, sap flow 3:40 to 4:20 0.96
3 Branch 8, dendrometer Branch 8, sap flow 1:20 to 2:20 0.83
3 Branch 9, dendrometer Branch 9, sap flow 4:20 to 5:20 0.72
3 Tree top trunk, dendrometer Tree top trunk, sap flow 2:20 to 3220 0.93
3 Branch 8, psychrometer Branch 8, sap flow -0:40 to 0:00 0.96
3 Branch 8, dendrometer Branch 8, psychrometer 2:00 to 2:40 0.86

During the daytime as transpiration increases, xylem water potential sinks below that of the

phloem, thereby drawing water from phloem tissues which results in stem contraction. Toward
dusk as transpiration begins to slow, xylem water potential rises to equilibrium with the phloem,
so phloem-to-xylem water transfer stops and stem diameter stabilizes. At nighttime when
transpiration is very slow, xylem water potential rises above that of the phloem and causes
xylem-to-phloem water transfer that results in stem expansion. Since hydraulic resistance

between xylem and phloem decouples the diurnal size fluctuations of these tissues (Zweifel et al.
2014), water potential of the phloem is predicted to lag behind that of the xylem (Pfautsch et al.
2015a). This explains observations of fluxes in transpiration and water potential that precede
changes in stem diameter (Lassoie 1973; Parlange et al. 1975; Edwards et al. 1986; Peraméki et
al. 2001, 2005; Sevanto et al. 2002; Steppe & Lemeur 2004; Steppe et al. 2006; Drew et al.
2008). Consistent with these observations, I found that fluxes in sap flow and xylem water
potential occurred in sync while stem diameter flux consistently and substantially lagged behind
(Table 4; Figure 3). These data therefore provide support for water transfer between xylem and
phloem tissues that is driven by nonsteady-state conditions manifest as water potential gradients
within branches.
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This sequence of time lags suggests that water extracted from phloem tissues is
responsible for the flux in stem diameter, but the sequence alone does not exclude the possibility
that the xylem tissues themselves also contracted. Models indicate that diurnal flux in phloem
osmotic concentration could cause detectable physical deformations of both phloem and xylem
tissues (Genard et al. 2001; Holtta et al. 2006; De Schepper & Steppe 2010). However, the
modulus of elasticity for inner bark is about 10 to 100 MPa while that for wood is far greater at
about 1000 MPa (Irvine & Grace 1997; Alméras 2008; Sevanto et al. 2011; Mencuccini et al.
2013; Giroud et al. 2017), demonstrating that changes in water potential much more strongly
deform the flexible phloem compared to the rigid xylem. Moreover, applying pairs of point
dendrometers simultaneously to inner bark and xylem tissues typically indicates that phloem
tissue carries the vast majority of the diurnal flux in stem diameter (Sevanto et al. 2002, 2003,
2011; Mencuccini et al. 2013), the exception being Eucalyptus globulus saplings that had a very
thin layer of bark and a thick layer of juvenile sapwood which was not fully lignified and
therefore highly flexible (Zweifel et al. 2014). These observations suggest that the diurnal stem
flux I measured in Sequoiadendron tree tops was caused primarily by phloem water extraction
driven by transpiration-induced changes in water potential. Therefore, the growing body of
evidence that phloem serves an important hydraulic capacitance function (Pfautsch et al. 2015a)
now includes stems under gravity-induced, chronically low water potentials at the tops of tall
trees.

Daily water use

Estimates of whole-tree daily water use in Sequoiadendron corroborate those previously
reported for similar sized trees the same site (Ambrose et al. 2016), and to my knowledge are the
largest yet measured for any individual tree (Wullschleger et al. 1998; Meinzer et al. 2005;
Zeppel 2013). Tree size explains substantial variation in daily water use (Meinzer et al. 2005),
and the large trunks and sapwood cross-sectional areas of Sequoiadendron clearly extend this
trend. However, tree size alone cannot fully account for such copious water demands because
scaling daily water use by sapwood cross-sectional area across a large range of conifer sizes
varies more than one order of magnitude from about 100 to 1800 L d! m™ (Meinzer et al. 2005),
and approximately 3000 L d' m™ for the trees studied here. Sequoiadendron’s relatively wide
tracheid lumens, which range from about 40 to 50 pm at the bases of tall individuals (Williams et
al., in review) likely permit high axial permeability (Tyree & Zimmermann 2002) compared to
the smaller diameter tracheids found in many other conifer stems (e.g., Pittermann et al. 2006).
In addition, the topographic basins to which Sequoiadendron is restricted supply abundant soil
moisture (Rundel 1972, Anderson et al. 1995, Willard 2000) that sustains the high transpirational
rates inherent with these very large trees with large leaf areas. Given that the trees studied here
contain less than 25% of the main trunk volume and support just 60% of the leaf area of the
largest Sequoiadendron tree (Van Pelt 2000; Sillett et al. 2015), the species has great potential
for even higher rates of daily water use as pointed out by Ambrose et al. (2016).

Tree tops on average used just 3.7% of the total daily water budget, but I observed no
difference between tree-top and tree-base positions when daily water use was scaled per unit leaf
area. This result might at first appear surprising given that height in forest canopy is associated
with increasingly desiccating microclimatic conditions, including higher sunlight intensity and
wind speed as well as lower relative humidity (Parker 1995; Niinemets 2007) that together have
the potential to increase transpiration. However, height-related hydraulic constraints such as the
gravitational potential gradient and the accumulation of hydraulic resistance over long transport
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paths may explain this result. The lack of vertical trends in branch-averaged transpiration and
stomatal conductance previously observed in Sequoiadendron was attributed to hydraulic
constraints on the ability to optimize photosynthesis with the brighter conditions available in the
upper crowns of tall trees (Ambrose et al. 2016). If daily water use per leaf area is truly constant
with height in tree, models incorporating transpiration rates for Sequoiadendron groves or trees
of different sizes will be simplified.

Using dendrometry to predict xylem water potential

High resolution point dendrometers are potentially a useful tool for low-impact
monitoring of flux in xylem water potential, among other uses (Drew & Downes 2009). Other
methods of obtaining accurate water potential measurements are complimentary but have
individual limitations. Pressure chambers are easy to use and rugged, but they are unsuitable for
high-frequency monitoring of water potentials (Turner 1981). Stem psychrometers, on the other
hand, are well suited for high-frequency and long-term monitoring, but they are delicate,
thermally sensitive, and require invasive removal of bark and some xylem for installation
(Martinez et al. 2011). Microtensiometers are a promising new approach, but installation
requires boring a small hole into the xylem (Pagay et al. 2014). After correcting for lags in the
time series, | found good agreement (high cross correlation coefficients) between fluxes in stem
size and water potential for the three branches on which I applied both dendrometers and
psychrometers. The overall half-dome shape in daily fluxes even appeared similar, with an
abrupt and steep decline in the early morning followed by a stable period, then an abrupt
relaxation that continued at a decelerating rate into the nighttime (Figure 5). Both of these
diurnal courses match the four-phase hydraulic interaction proposed between bark and xylem
described above (Pfautsch et al. 2015a). The disadvantage in using dendrometry to predict
xylem water potential would be developing a calibration that includes a time lag. However,
assuming diameter flux does occur at low levels in the sapwood (Zweifel et al. 2000, Sevanto et
al. 2002, 2008, 2011; Zweifel et al. 2014; Pfautsch et al. 2015a), applying dendrometers radially
to the xylem surface may enable high-frequency and real-time estimates of xylem water potential
with little damage to the stem as demonstrated by Offenthaler et al. (2001).

Conclusions and future directions

Large Sequoiadendron trees contain expansive sapwood cross-sectional areas, wide
tracheids, and abundant foliage that in combination can support water budgets exceeding 3000 L
d!. The relatively small water storage capacities and hydraulic capacitances I observed among
tree-top stems may be associated with chronically low water potentials imposed by gravity,
which I hypothesize is caused by a trend of decreasing water storage dynamics with height in
tree. Nonetheless, Sequoiadendron relies on water stored in stems and foliage to augment daily
water use by 8 to 9% on warm and sunny summertime days. In agreement with a growing body
of evidence, the time lags I observed among fluxes in sap flow, water potential, and stem
diameter indicate that a large portion of the available water stored in upper crown branches is
carried by secondary phloem tissues comprising the majority of the inner bark. The high-
resolution point dendrometer is a promising and low-impact tool for quantifying xylem water
potential that will foster a deeper understanding of the dynamics of water storage and nonsteady-
state conditions omnipresent within large trees.
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