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Chapter 1

General introduction



1.1 Background
1.1.1  Ecological and practical significance of tree height

Tree height is an important variable for ecology and forestry. For example, as stand
biomass increases in direct proportion to height (Tsutsumi 1989), maximum tree height
defines productivity of forest ecosystems. Site index, which represents potential forest
stand productivity, is evaluated by the height of upper canopy trees at 40-years stand age
(lwatsubo 1996). Site index is an integrative concept expressing the general production
capacity of a forest stand, it is the outcome of various environmental and physiological
factors and the result of stand growth, and it is not a predictive index. If the physiological
mechanisms regulating maximum tree height are revealed, we may be able to predict
potential stand productivity from the measurement of environment conditions, such as
soil condition and climatic condition. Besides, stand productivity, CO- fixation by forests
is considered an important carbon sink for preventing global warming. As the amount of
CO: fixation by a tree is defined by how tall the tree grows, revealing the physiological
mechanisms regulating maximum tree height is important for accurate predictions of the
amount of CO; fixation by forest ecosystems.

Recently in Japan, long-rotation forestry is applied increasingly in stand management.
However, long-term predictions of primary production is still lacking, particularly of
stands older than the conventional harvesting age. In terms of conservation ecology, old-
growth trees is valuable for both cultural and biological conservation. However,
concerning old-growth trees, physiological growth mechanisms and biomass
accumulation is still not well understood.

In general, forests comprising various tree species have high leaf area index (LAI; total

leaf area of whole plant per unit land area) and large stand biomass (Hiura 2001). As light



transmittance from canopy to ground changes with developing crown structure, various
tree species with different maximum heights coexist along the gradient of light
availability, resulting in light-use complementarity and increasing community-level
diversity and productivity (Gravel et al. 2010). Within individual trees, phenotypic
plasticity, such as branch spatial arrangement and leaf/shoot morphology changes with
vertical gradient of light availability within canopy, which result in increased light-use
efficiency and tree-level productivity (Leverenz and Hinckley 1993; Ishii et al. 2013).
Therefore, it is important for understanding ecological function of whole forest ecosystem
to focus on individual phenotypic plasticity and elucidate a perspective of canopy

ecophysiology.

1.1.2  Previous studies of tree height growth in tall trees

“What is the factor determining the limit to tree height?” is an old and considerably
debated question. Physiological studies of tree height growth has been conducted on tall
conifers in the North American West Coast (e.g., Koch et al. 2004). The hydraulic
limitation hypothesis (HLH; Ryan and Yoder 1997) is the first, physiology-based
theoretical hypothesis based of height growth in tall tree. With increasing tree height,
hydrostatics factors such as elongation of the water-transport pathway and gravitational
force constrain vertical water transportation from root to treetop, resulting in decreasing
xylem water potential (Zimmermann 1983; Bauerle et al. 1999; Midgley 2003). Thus
treetop leaves of tall trees easily experience severe water deficit, which triggers
decreasing photosynthesis, called water stress. In HLH, constraints on vertical water
transport resulting in increasing water stress with increasing height is considered as the

limiting factor that constrains physiological function and height growth of tall trees.



Hydrodynamic factors such as high irradiance and transpiration demands at treetop also
contribute to increased water stress (Franks 2006). For example, with increasing height,
average treetop sap velocity, transpiration per unit leaf area and stomatal conductance per
unit leaf area significantly decrease in Sequoia sempervirens, the world's tallest existing
tree species (Ambrose et al. 2010).

Regardless of photosynthesis, lack of turgor pressure during morphogenesis due to
decreasing leaf water potential at the treetop can directly constrain leaf/shoot elongation
in tall Pseudotsuga menziesii (Woodruff et al. 2004). Generally, leaf morphology become
acclimated to light environment (e.g. Niinemets and Kull 1995), but in Sequoia
sempervirens, treetop leaves do not change their morphology with increasing light
availability while proportional changes are observed in relation to height (Ishii et al. 2008).
Beyond individual trees, in an old-growth tropical forest which is 20 m of average height,
leaf morphology was mainly determined by height, not light availability (Cavaleri et al.
2010). These studies suggest that leaf morphology is affected by water stress, attributable
to increasing height, constraining treetop growth.

Conversely, however, a review of 51 studies indicated that physiological functioning
does not always decline at the tops of tall trees (Ryan et al. 2006). For example, hydraulic
conductance increases at favorable light environment of treetop (e.g. Sellin and Kupper
2005) and a decreasing leaf area: sapwood area ratio adjusts the balances between water
demand and water supply (e.g. Burgess et al. 2006; Ambrose et al. 2009). Other
compensating mechanisms to overcome the difficulty of water transport from root to
treetop are suggested to exist (Zaehle 2005). It seems that mechanisms exist that maintain
hydraulic status of leaves in order to sustain physiological function near the treetop where

light availability is the greatest for photosynthesis.



1.1.3 Relationships between hydraulic properties and morpho-anatomical traits

As mentioned above, water is closely related to tree height growth. To reveal the
physiological mechanisms that determine tree height growth, we should investigate from
various scales and aspects. Because hydraulic properties (e.g., hydraulic conductance,
capacitance, leaf area: sapwood area ratio, embolism resistance) link to various
morphological and anatomical traits (e.g., sapwood area, conduit length, wall thickness,
pit anatomy), which affect hydraulic performance (e.g., the amount of water transported
per unit time by the bole under specified conditions) of a plant units (a cell, tissue, organ,
or whole plant) (Lachenbruch and McCulloh 2014). In previous studies, it was
investigated well that xylem structure of stem and branch contribute to their functions
such as hydraulic conductance and embolism resistance because stem and branches are
the main pathway of water transportation (e.g. Dunham et al. 2007; McCulloh et al. 2010).
While leaf hydraulic conductance substantially constrains whole-plant water transport,
little is known of its association with leaf structure and function (Sack et al. 2003).
Recently, it was found that the density of leaf veins affects leaf hydraulic conductance
(Brodribb et al. 2010) and tracheids peripheral of leaf deform under declining leaf
hydraulic conductance (Brodribb and Holbrook 2005). To reveal more associations
between hydraulic properties and architectural traits helps understanding of hydraulic

performance.

On a different note, “water” as defined in tree physiology is a generic term referring to
the cluster of water molecules connected by hydrogen bonding. The number of water
molecules constituting a cluster can vary from 2 to 600 (Maréchal 2007). A configuration
of water molecules interacts their hydrogen bonding, for example, the configuration of

ice is a regular array resulting in a uniform short hydrogen bonding, while that of liquid



water has various lengths of hydrogen bonds. Such physicochemical differences of water
molecules are considered to affect physiological functions in living systems (Maréchal
2007), but the details of their interaction are not well understood. Considering
physicochemical properties of water in tree physiological study can provide a new

perspective to plant hydraulics studies.



1.2 Study overview

Chapter 1: Here, I gave an outline of the significance of tree height in forest ecology
and forestry, previous studies of tree height growth, and relationships between hydraulic
properties and architectural traits. Most conventional hypotheses of height-growth
limitation in tall trees have proposed theoretical concepts, e.g., HLH. However, these
hypotheses have not been verified rigorously by actual measurements in tall trees.

Chapter 2: I present direct measurements of leaf water relations, the actual level of
water stress in leaves of the world's tallest species, Sequoia sempervirens. 1 also
investigated the variation in tissue structure of leaves with height, focusing on the
relationship with hydraulic properties.

Chapter 3: In order to expand the results of Chapter 2 on various species, the actual
level of water stress is also investigated in Cryptomeria japonica, the tallest species in
Japan. In addition, a detailed anatomical measurement is conducted for leaf tissue to
elucidate the associations between hydraulic properties and architectural traits.

Chapter 4: The mechanism of water retention in leaves is investigated from the
physicochemical perspective. Infrared micro-spectroscopy is applied to leaves samples of
Cryptomeria japonica in order to quantify water which exist at various states of hydrogen
bonding and visualizing where water is retained in leaf tissue.

Chapter 5: Finally, I provide the study summary and proposes a new hypothesis about

regulation of tree height growth.



Chapter 2

Pushing the limits to tree height: could foliar water storage
compensate for hydraulic constraints

in Sequoia sempervirens?



2.1 Abstract

The constraint on vertical water transport is considered an important factor limiting
height growth and maximum attainable height of trees. Here, evidence was found that
foliar water storage could partially compensate for this constraint in Sequoia
sempervirens, the tallest species. The hydraulic and morpho-anatomical characteristics
of foliated shoots of tall S. sempervirens trees were measured near the wet, northern and
dry, southern limits of its geographic distribution in California, USA. The ability to store
water (hydraulic capacitance) and saturated water content (leaf succulence) of foliage
both increased with height and light availability, maintaining tolerance of leaves to water
stress (bulk-leaf water potential at turgor loss) constant relative to height. Transverse-
sectional area of water-storing, transfusion tissue in leaves increased with height, while
the area of xylem tissue decreased, indicating increasing allocation to water storage and
decreasing reliance on water transport from roots. Treetop leaves of S. sempervirens
absorb moisture via leaf surfaces and have potential to store more than five times the daily
transpirational demand. Thus, foliar water storage may be an important adaptation that
helps maintain physiological function of treetop leaves and hydraulic status of the crown,
allowing this species to partially compensate for hydraulic constraints and sustain turgor

for both photosynthesis and height growth.



2.2 Introduction

Sequoia sempervirens is the only tree species with living individuals exceeding 100 m
in height. The tallest living individual was remeasured at 115.76 m in 2013 (S.C. Sillett
unpublished). The physiological mechanisms underlying its incredible height have
recently been documented (Koch et al. 2004; Ishii et al. 2008). Water supply to treetop
leaves is a key factor determining maximum attainable tree height in S. sempervirens
(Ambrose, Sillett and Dawson 2009) and other tall species (Ryan, Phillips and Bond 2006;
Meinzer et al. 2010). With increasing height, both the distance from roots to leaves and
the hydrostatic gradient caused by gravity impose limits on water transport (Midgley
2003). Thus, treetop leaves operate under some minimum constant water stress,
constraining important physiological functions, including cell elongation and
photosynthesis, and ultimately limiting height growth (Mencuccini et al. 2005; Ryan,
Phillips and Bond 2006). Due to these constraints, the estimated maximum attainable
height for S. sempervirens under current environmental conditions is at least 122 m (Koch
et al. 2004; Koch and Sillett 2009). In addition to a limited water supply, drier air and
higher temperatures near the treetop caused by high light intensities increase evaporative
demand, exacerbating leaf water stress (Franks 2006). This is an inescapable consequence
of height, and tall trees must cope with the dilemma that water stress is never alleviated
and greatest where light availability for photosynthesis is highest.

The incredible stature of S. sempervirens suggests this species may have physiological
adaptations that compensate for increasing water stress with height (West, Brown and
Enquist 1999; Du et al. 2008), which may include through leaf surfaces (Burgess and
Dawson 2004). The tallest individuals occur in moist temperate forests near the species’

northern distribution limit in California, where rainfall is abundant and summer fog
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occurs frequently (Dawson 1998). In contrast, tree heights are lower in drier regions near
the species’ southern distribution limit. Absorption of fog via leaf surfaces reduces water
stress of S. sempervirens leaves, so that leaf water supply does not depend solely on soil
water availability and transport from roots (Simonin, Santiago and Dawson 2009). If the
absorbed water can be stored in treetop leaves, it would reduce further the reliance on
vertical water transport. Although hydraulic capacitance of woody tissue is considered an
important internal source of water in large trees (Phillips et al. 2003; Cermak et al. 2007;
Scholz et al. 2011), foliar water storage has received less attention (Sack et al. 2003).

A striking feature of S. sempervirens is the great variation in shoot/leaf morphology
from top to bottom of the crown, which can span more than 90 m in depth (Koch et al.
2004). Treetop leaves are small, thick and fused to the vertically oriented shoot axis. In
contrast, lower-crown leaves are large, flat and segregated from the horizontally oriented
shoot axis. Generally, acclimation to the vertical gradient in light availability explains
changes in leaf morphology within a tree crown (Valladares and Niinemets 2007,
Niinemets 2010). In tall trees, however, morpho-anatomical characteristics of leaves are
more strongly determined by hydraulic properties associated with height (Marshall and
Monserud 2003; Cavaleri et al. 2010; Oldham et al. 2010). In tall S. sempervirens, leaf
mass per area (LMA) increases with height, leading to less evaporative surface area per
unit leaf mass, whereas LMA is not correlated with light intensity above 70 m (Ishii et al.
2008). Leaves of all gymnosperm species have water-storing, transfusion tissue
surrounding vascular bundles (Brodribb and Holbrook 2005; Aloni, Foster and Mattsson
2013). Transfusion tissue, first documented in 1864, is a tracheary element composed of
tracheids, parenchyma and albuminous cells (Takeda 1913; Hu and Yao 1981). In S.

sempervirens, the amount of transfusion tissue increases with increasing height, reflecting
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anatomical acclimation to increasing water stress (Oldham et al. 2010).

In this study, the hydraulic and morpho-anatomical characteristics of leaves of tall S.
sempervirens trees were measured near the wet, northern and dry, southern limits of its
distribution in California. The object of this study were to investigate how the capacity
and mechanisms for foliar water storage respond to increasing water stress associated
with increasing height and atmospheric evaporative demand and to discuss how such
adaptations may contribute to maintaining hydraulic status in treetop leaves of the world’s

tallest species.
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2.3 Materials and methods
2.3.1  Study site
The study was conducted at Prairie Creek Redwoods State Park (41.37°N, 124.02°W,

55 m asl) and Landels-Hill Big Creek Reserve (36.05°N 121.57°W, 60 m asl). Long-term
(1895-2012) average annual precipitation at Prairie Creek is 1857 mm with 55 mm
occurring during summer months (June, July and August), whereas Landels-Hill receives
801 mm with only 5 mm occurring in summer (PRISM Climate Group 2013). Based on
records from Arcata Airport (40.98°N, 124.11°W, 64 m asl) and Monterey Peninsula
Airport, CA (36.58°N, 121.85°W, 50 m asl) located near the two study sites, long-term
(1951-2009) averages of fog frequencies (i.e. number of days when visibility <1 km) are
43.5 and 40.5%, respectively, with fog frequencies being highest during summer months

(Johnstone & Dawson 2010).

2.3.2 Foliage sampling and measurement of light environment

Three study trees were selected from among the tallest individuals at each site (Table
2.1). The single-rope climbing technique was used to access their crowns and a tape
measure was stretched from treetop to ground level. Small branches (30-50 cm long)
were sampled from the outer crown of each tree at 10- to 15-m intervals from just below
treetop to the lowest living branch.

Hemispherical photographs were taken directly above each sampling location to
quantify the light environment. Sample branches were sealed in black plastic bags,
transported to the ground, immediately recut under water and fully rehydrated in the

laboratory overnight.
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2.3.3  Leaf water relations

The bench-drying approach to the pressure—volume technique (Tyree and Hammel
1972; Schulte and Hinckley 1985) to measure bulk-leaf water potential (%) and fresh
weight (before and after each water potential reading) repeatedly of three to five small,
foliated shoots comprising second- and current-year internodes (repeat pressurization
method, Hinckley et al. 1980; Ritchie and Roden 1985; Parker and Colombo 1995). Care
was taken to increase and decrease the pressure in the chamber very slowly (<0.01 MPa
s 1) so as not to damage the sample shoot. During the pressure—volume measurements,
when the shoot was slowly pressurized to force water out of the xylem, cases were
observed where excess water (i.e. water stored outside of vascular tissue) entered the
xylem and bulk-leaf water potential recovered. This effect was corrected for following
methods described in Kubiske and Abrams (1991).

The pressure-volume curve was used to calculate fresh weight at saturation (Mg, g),
hydraulic capacitance (C, mol m 2 MPa 1), osmotic potential at turgor loss (%up, MPa)
and relative water content at turgor loss (RWCip) at the bulk-shoot level (Cheung, Tyree
and Dainty 1975; Richter 1978; Tyree and Richter 1981; Schulte and Hinckley 1985). To
calculate C, first ¥up was estimated from the inflection point of the ¥ —-RWC relationship.
The slope of the relationship before turgor loss was multiplied by the saturated water
content (mol H20) of the shoot and divided (normalized) by total leaf surface area (AL)
(Brodribb et al. 2005). To quantify the maximum amount of foliar water storage, bulk
shoot succulence (S, g H20 m 2) was calculated, which is defined as (MF —Mp) / AL, where
Mp is dry mass (g) of the foliated shoot (Bacelar et al. 2004). C represents the ability of
shoots to store water relative to transpiring leaf area, while S represents the maximum

amount of water that can be stored. In the process of calculating C, the bulk tissue elastic
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modulus was also calculated. Because C is standardized by leaf area, it provides an

adequate relative measure of cell wall elasticity.

2.3.4  Leaf morphology and anatomy

To quantify shoot silhouette area (A4s), sample shoots were scanned at 600 dpi using a
flatbed scanner (Expression 10000XL, Epson America Inc., Long Beach, CA, USA). All
leaves were then removed from the shoot axis, placed on the scanner with no overlap and
scanned to quantify projected leaf area (4p). To observe leaf anatomy, second-year leaves
were fixed in FPA, transversely sectioned at mid-point to 20 pum thickness using a
microtome and double stained with safranin and fast green. Photographed images (400x
magnification) of the transverse leaf sections were used for anatomical analyses. All shoot

samples were oven-dried at 70 °C to constant weight to determine Mp.

2.3.5 Data analyses

Hemispherical photographs were analyzed using Gap Light Analyzer (ver 3.1, Simon
Frazer University, Bernaby, BC, Canada) to calculate canopy openness, total radiation
simulated over a 12-month growing season and three site factors expressing the
percentage of direct, indirect and total radiation received. Total site factor (hereafter TSF)
was most strongly correlated with hydraulic and morphological variables and therefore
used as the measure of light availability. Scanned images of shoots and leaves were
analyzed using Image J (National Institutes of Health, Bethesda, USA) to determine As
and A4p. Leaf mass per area (LMA, g m 2) was calculated as the ratio of leaf dry mass to
Ap and shoot mass per area (SMA, g m ) as the ratio of Mp to As. Perimeter-to-width

ratios of leaf transverse sections were multiplied by Ap to obtain A_ (Barclay and
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Goodman 2000), which was then used to calculate C. All hydraulic and morphological
variables were regressed against height and TSF using model fitting in JMP 10 (SAS
Institute Inc.). The difference between sites was examined via analysis of covariance

(separate slopes model) with height and TSF as covariates.

Table 2.1 Structural attributes of tall S. sempervirens trees measured in northern rain
forest (Prairie Creek Redwoods State Park) and much drier, southern forest (Landels-Hill
Big Creek Reserve) in California, USA. Numbers in parenthesis indicate heights of trunk

diameter measurements.

Site / Tree Height (m) Diameter (m)
Prairie Creek

1 109.88 3.42 (6.65)
2 103.95 3.43 (1.55)
3 101.87 6.74 (1.40)
Landels-Hill

4 79.76 2.18 (2.60)
5 72.91 1.87 (2.30)
6 70.00 2.13 (1.70)

16



2.4 Results
2.4.1 Leaf water relations

Both hydraulic capacitance (C) and leaf succulence (S) of foliated shoots increased
with height (Fig. 2.1a,c, C = (0.115%£0.062) + (0.00816 ==0.00096) A, P < 0.00001; S =
(67.7£9.1) + (1.36%0.14) h, P < 0.00001, where % equals height, n = 39). At the same
height, both C and S were greater for southern than northern trees (ANCOVA, F'=12.69,
P=0.0011 and F'=8.93, P=0.0051, respectively). However, in relation to total site factor
(TSF), there was no distinction between sites (Fig. 2.1b,d, C = (0.1390.028) TSF (0434
H005D P < 0.00001; S = (63.07.3) TSF ©-260°003D " p < 0.00001, n = 39). Thus, despite
their lower stature (70-80 m), the highest, most exposed leaves of the southern trees had
similar water storage capacity as those of the northern trees (>100 m).

In contrast, osmotic potential at turgor loss (¥4p) did not change with height (Fig. 2.2a,
Pup = —1.972+0.038, P = 0.800, n = 39). Treetop shoots had greater water storage and
consequently higher water content at saturation compared to those lower in the crown.
This added buffer resulted in lower relative water content at turgor loss (RWCp) such that
treetop shoots did not lose turgor until they had lost nearly 20% of their saturated water
content (Fig. 2.2b, RWCqp = (0.878 0.009) + (-0.00061 £0.00014) A, P = 0.00001, n =

39).

2.4.2 Leaf morphology and anatomy

Vertical changes in leaf and shoot morphology (LMA and SMA, respectively) closely
paralleled those of water storage (Fig. 2.3). In the northern trees, shoot morphology did
not change below c. 60 m, where light availability was consistently low (6.1 =1.2% TSF,
n = 7), resulting in a nonlinear response. We also found anatomical changes reflecting
adaptation for water storage. Transverse-sectional area of transfusion tissue (AT)

17



increased, whereas area of xylem tissue (4x) decreased with height (Fig. 2.4a,b, At =
(3.40 X103 %1.53X107) +(1.40 X104 £2.35X107) 1, P<0.0001; Ax = (2.06 X 10 &
1.16 X10%) - (1.10X10°%£1.77X10°) h, P < 0.0001, n = 38). The decrease in Ax
with height was attributable to a decrease in the number of xylem tracheids (Nt1) (Fig.
2.4¢c, Nv=(38.51%£1.93) - (0.210%0.030) 2, P <0.0001, n = 38) as transverse-sectional
area of individual xylem tracheids (at) did not change with height (Fig. 2.4d, ar = (54.04

+2.48) + (0.0180.038) &, P = 0.644, n = 38).
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Figure 2.1 Water storage of small, foliated shoots of tall S. sempervirens trees.
Hydraulic capacitance (a, b) and succulence (saturated water content per leaf surface area
(c, d) shown in relation to height and light availability (total site factor). Each datum
represents mean of three to five foliated shoots sampled at each height. Filled and open
symbols denote trees in Prairie Creek Redwoods State Park and Landels-Hill Big Creek
Reserve, respectively. Symbol shapes denote different trees. Regression lines fitted to

data from all six trees.
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2.5 Discussion

The structure and orientation of well-illuminated S. sempervirens leaves allow them to
collect moisture (Fig. 2.5) and absorb it (Burgess and Dawson 2004; Simonin, Santiago
and Dawson 2009). The results demonstrate that some of this water can be stored
internally, which could reduce reliance on water transport from roots. Foliar water uptake
and storage have positive effects on physiological function in water-stressed plants (e.g.
Martin and Willert 2000; Breshears et al. 2008). The ability of S. sempervirens foliage to
store water increases with both height and light availability such that treetop shoots have
maximum hydraulic capacitance and succulence. Compared to those lower in the crown,
treetop shoots experience greater hydrostatic and hydrodynamic constraints on their
internal water supply. Foliar water storage helps explain why, despite being the tallest
species, midday xylem pressures in treetop shoots of S. sempervirens are not as low as in
other tall species (Koch et al. 2004; Ishii et al. 2008), which tolerate increasing water
stress with height by reaching lower daytime water potentials and turgor loss points
(Bauerle et al. 1999; Woodruff, Bond and Meinzer 2004). Foliar water storage is also
consistent with the occurrence of xylem flow reversal in treetop branches of S.
sempervirens (Burgess and Dawson 2004).

The mean daytime transpiration rate documented for S. sempervirens treetops (c. 0.06
mmol HO m? s!; Ambrose et al. 2010) multiplied over a 10-h daytime period amounts
to 38.9 g H,O m™. Thus, given the mean succulence documented here for treetop shoots
(204.1 g HO m™), foliage alone can store more than five times the daily transpirational
demand at the treetop. Because effects of the gravitational potential gradient were
removed in our cut-rehydrate treatment, and foliage under chronic water stress cannot

remain fully saturated in situ, our succulence calculations likely represent maximum
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values for foliar water storage. Nevertheless, the magnitude of foliar water storage may
help treetop leaves avoid turgor loss, maintain stomatal functioning and sustain
photosynthesis.

Plant leaves under increasing water stress often acclimate by lowering the turgor loss
point (Pallardy 2007). In tall trees of P. menziesii, Wy, decreases with increasing height
(Bauerle et al. 1999; Woodruff, Bond and Meinzer 2004). In this study, it was found that
increasing succulence and decreasing RWCyp contributed to maintaining ¥4, constant
within the crown of tall S. sempervirens trees. This mechanism is similar to succulent
plants that utilize stored water in dry habitats (Zimmermann and Milburn 1982;
Barcikowski and Nobel 1984). The observations of xylem pressure responses to excess
water during pressure—volume measurements imply that when water potential decreases,
stored water can be used to prevent xylem pressures from dropping further. Independent
analyses of S. sempervirens leaf anatomy revealed that transfusion tissue surrounding the
xylem may collapse during periods of high water stress, such that water stored therein
can enter xylem tracheids and provide a leaf-level hydraulic buffer against cavitation
(Oldham et al. 2010). Increasing area of transfusion tissue relative to xylem suggests
increasing dependence on stored water and decreasing reliance on water transport with
increasing height.

In many gymnosperms, there appears to be a trade-off between xylem safety and
vulnerability to cavitation such that tracheid diameters in the main stem and branches
decrease with increasing height (Hacke and Sperry 2001; Tyree and Zimmermann 2002;
Sperry, Meinzer and McCulloh 2008). In tall P menziesii trees, both the quantity and
diameter of leaf tracheids decrease with increasing height (Woodruff, Meinzer and

Lachenbruch 2008). In contrast, leaf tracheid diameter was constant with respect to height
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in tall S. sempervirens. The safety margin against cavitation may be larger for stem and
branches as opposed to leaves because loss of function in the former would lead to more
extensive damage. Recent theoretical work suggests that xylem tapering cannot
compensate completely for the hydraulic limitations of tree growth (Zaehle 2005), leaving
open the possibility that other compensating mechanisms are involved. The results of this
study indicate that anatomical changes may help maintain homeostasis of shoot hydraulic
functioning in S. sempervirens. In the upper crown, leaves fuse to the shoot axis creating
a relatively large tissue volume and intercellular space surrounding xylem that likely
stores more water per unit xylem than in the lower crown (Fig. 2.6). In addition to
quantitative aspects of leaf and shoot anatomy, decreasing RWCyp and increasing
hydraulic capacitance with increasing height and light availability reflect greater cell-wall
elasticity, which enhances the potential of individual cells, including transfusion tissue,
to expand and store water (Brodribb et al. 2005).

Similar leaf- and shoot-level responses to light availability in taller northern and shorter
southern forests suggest that on top of the hydrostatic gradient, which increases linearly
with height, evaporative demand driven by light intensity helps determine morphological,
anatomical and physiological characteristics of S. sempervirens foliage. Associated with
height- and light-related changes in shoot structure, various hydraulic resistances within
leaves also limit photosynthesis (Sack and Holbrook 2006; Brodribb, Field and Jordan
2007; Mullin et al. 2009). In S. sempervirens, water storage near the site of photosynthesis
helps overcome these constraints, explaining how the world’s tallest species solves the

dilemma that water stress is greatest where light availability for photosynthesis is highest.
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Figure 2.5 Treetop leaves of the tallest S. sempervirens (115.72 m in 2012 when
photograph was taken) still retain dew droplets on leaf surfaces by mid-morning. Scale
on right indicates 6 cm of vertical growth since 2011.
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Figure 2.6 Transverse-sectional anatomy of second-year foliated shoots at 104 m (top)
and 28 m (bottom) in a 110-m-tall S. sempervirens tree. Relative area of xylem (X: stained
red at center with two annual rings) is smaller in treetop shoots whose fused stem and leaf
parenchyma (L) create relatively large volume for potential water storage surrounding
central conducting tissues. In contrast, leaves in lower-crown shoot are separated from

stem and only leaf base is attached on left side of stem. Scale bar = 500 um.
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Chapter 3

Function and structure of leaves contributing to increasing
water storage with height in the tallest Cryptomeria japonica

trees of Japan
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3.1 Abstract

The tallest trees of Cryptomeria japonica occur in climatic regions similar to the
world’s tallest trees. Thus it can be hypothesized that tall C. japonica trees would have
evolved adaptive mechanisms to overcome height growth limitation. This study focused
on foliar water storage, a mechanism recently discovered in Sequoia sempervirens. In
C. japonica, leaf water potential (osmotic potential in Chapterl) at turgor loss did not
change with height or light availability, while leaf hydraulic capacitance and succulence
(water content per leaf surface area) increased, suggesting hydraulic compensation.
Plasticity of leaf morphology could contribute to avoiding negative effects of height on
photosynthesis. This study also focused on the structure and function of transfusion
tissue in leaves and its role in water storage and supply. Cross-sectional area of
transfusion tissue increased with height, whereas that of xylem was constant. It was
confirmed that water flowed from vascular bundle to mesophyll via the transfusion
tissue. Cryo-scanning electron microscopy images of leaf cross sections showed that
transfusion cells were flattened, but not fully dehydrated when leaf water potential
decreased in situ and by experimental dehydration, and cell deformation was more
marked for treetop leaves than for lower-crown leaves. The shape of transfusion cells
recovered at predawn as well as after experimental rehydration. As in S. sempervirens,
transfusion tissue of C. japonica may function as a hydraulic buffer, absorbing and
releasing water according to leaf water status. Anatomical and hydraulic properties
contributing to foliar water storage may be an adaptive mechanism acquired by tall
Cupressaceae trees to overcome the hydraulic constraints on physiological function with

increasing height.
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3.2 Introduction

The hydraulic limitation hypothesis (HLH, Ryan and Yoder 1997) proposed that as tree
height increases, available water decreases due to increasing hydrostatic pressure and
distance of water transport, while water demand for transpiration and photosynthesis
increases (Cowan 1982; Zimmermann 1983; Midgley 2003). The resulting water stress
constrains various physiological processes such as photosynthetic production (Ambrose
et al. 2010), turgor needed for cell expansion (Woodruff et al. 2004), etc., ultimately
limiting height growth (Ryan et al. 2006). However, HLH alone cannot explain growth
decline with increasing height (McDowell et al. 2002; Niinemets 2002). Hydraulic
limitation could be compensated in various ways, including decreasing leaf water
potential (Barnard and Ryan 2003), osmotic adjustment (Woodruff et al. 2004) and water
storage (Phillips et al. 2003; Scholz et al. 2011). While height growth of normal-statured
trees may indeed be hydraulically limited (e.g., Nabeshima and Hiura 2008; Renninger et
al. 2009; Meinzer et al. 2010), the prominent tall trees are likely to have evolved adaptive
mechanisms to overcome hydraulic limitation (Chapter 2), which would explain why they
grow so much taller than other species. In tall and large trees of the world, growth rates
continue to increase with increasing tree size (Ambrose et al. 2010; Stephenson et al.
2014; Sillett et al. 2015) suggesting that, despite their great size, these trees are not carbon
limited as HLH would predict.

The hydraulic limitation hypothesis is also based on the assumption that the only
source of water for trees is from the roots. However, in Sequoia sempervirens, the tallest
species, absorption of moisture from leaf surfaces and water storage in leaves alleviates
water stress in treetop leaves decoupling leaf water status from soil moisture content and

decreasing reliance on long-distance water transport from roots ( Chapter 2; Burgess and
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Dawson 2004; Simonin et al. 2009). In S. sempervirens, as show in Chapter 2, hydraulic
capacitance and succulence of leaves increase with height, and tree top leaves have
capacity to store more than five times the daily transpiration demand. As a result, despite
decreasing leaf water potential with increasing height (Koch et al. 2004; Ishii et al. 2008),
leaf osmotic potential at turgor loss, which is expected to decrease when leaves
experience constant drought conditions (Pallardy 2007; Rodriguez et al. 2012; Negret et
al. 2013), remains constant within the crown of S. sempervirens (Chapter 2). Although
these results indicate the importance of foliar water storage for maintaining the water
status of treetop leaves in tall trees, the detailed hydraulic mechanism and anatomical
features involved are not fully understood.

This study focused on anatomical features of leaves that could contribute to foliar
water storage. As part of the hydraulic system in addition to the xylem, transfusion tissue,
specific to gymnosperms and composed of tracheids and parenchyma cells, is suggested
to function as a pipeline for water and nutrients between the vascular bundle and leaf
mesophyll (Takeda 1931; Hu and Yao 1981; Brodribb et al. 2010; Aloni et al. 2013). In
some gymnosperms, transfusion cells lacking endodermis or bundle sheath collapse
easily under experimentally induced negative pressure (Brodribb and Holbrook 2005;
Zhang et al. 2014). This is associated with declines in leaf hydraulic conductance (Kieaf),
but is easily reversible (Zhang et al. 2014) . In S. sempervirens, transverse-sectional area
of transfusion tissue increases with height (Chapter 2) and collapsed transfusion cells
were observed close to vascular cells in the upper-crown leaves suggesting (Oldham
et al. 2010). These observations suggest transfusion tissue serves to protect the xylem
from embolism by releasing stored water, temporarily relieving tension in the xylem,

which could compensate negative effects of hydraulic limitation with increasing height.

31



However, there are no investigations of the hydraulic function of transfusion tissue in
tall trees.

The world’s tallest trees appear to grow in thermally similar climates (Larjavaara
2014). The tallest trees in Japan, Cryptomeria japonica (Cupressaceae), are found in the
northwest coast of Honshu Island in humid continental climate, which is a localized
temperate, maritime climate similar to Mediterranean and maritime west coast climates
(climate classification according to Peel et al. 2007), where the tallest gymnosperm (.
sempervirens) and angiosperm (Eucalyptus regnans) occur, respectively. C. japonica is
also the major plantation tree in Japan and a valuable forest resource. Because C.
Jjaponica and S. sempervirens belong to the same family and grow tall in similar climates,
it could be hypothesized that the tallest C. japonica trees would have evolved adaptive
mechanisms to overcome hydraulic limitation, similar to S. sempervirens. To test this,
vertical changes in leaf hydraulic properties were investigated focusing on foliar water
storage, the compensating mechanism discovered in S. sempervirens described in
Chapter 2. leaf anatomy was also observed both in situ and in the laboratory to elucidate

the role of transfusion tissue in leaf hydraulic functioning.
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3.3 Materials and methods
3.3.1  Study site

The study was conducted at Nibuna-Mizusawa Forest Reserve (NMFR), Tashirozawa
National Forest in Akita Prefecture, Japan (40.08 °N, 140.25 °E, and 200 m ASL). The
site is a mixed forest composed of ca. 250 year-old C. japonica trees and deciduous
broadleaved trees, such as Aesculus turbinata and Pterocarya rhoifolia. The NMFR was
designated to protect the tallest C. japonica forest in Japan. Tree height and diameter at
breast height (DBH, 1.3 m above ground level) of the 159 C. japonica trees in the 1-ha
research plot established by Akita Pref. Univ. were, 49.8 + 1.8 m and 111.6 £ 5.5 cm
(mean £ SD), respectively in 2012. Mean annual precipitation is 1671.1 mm and mean
annual temperature is 10.2 °C in 1981-2010. Snow covers the ground from early

December to late March and maximum snow depth in 2013 was 131 cm.

3.3.2 Foliage sampling and measurement of light environment

In May 2013, single-rope climbing technique was used for accessing the crown of four
study trees (Table 3.1) and stretched a tape measure from treetop to ground level. small
branches (30—50 cm long) with attached foliage were collected from the outer crown of
each tree at 5—10 m intervals from just below treetop to the lowest living branches in the
four trees (height range 19—52 m).

Hemispherical photographs were taken directly above each sampling location and
calculated light availability expressed as canopy openness (%) using Gap Light Analyzer
(ver 3.1, Simon Frazer University, Bernaby, BC, Canada). The sampled branches were
immediately re-cut under water, sealed in black plastic bags, and fully rehydrated in the

laboratory overnight.
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3.3.3  Leaf water relations

The pressure-volume curve of three small, foliated shoots from each sampled branch
comprising second- and current-year internodes, were obtained using the bench-drying
approach to the pressure-volume technique (Tyree and Hammel 1972; Schulte and
Hinckley 1985). Bulk leaf water potential (¥;, MPa) was measured repeatedly with a
pressure chamber (Model 1000, PMS Instruments, Corvallis, USA) and fresh weight of
the sample shoots before and after each water potential reading. Care was taken to
increase and decrease the pressure in the chamber very slowly (less than 0.01 MPa s™) so
as not to damage the sample shoots (repeat pressurization method, Hinckley et al. 1980;
Ritchie and Roden 1985; Parker and Colombo 1995).

After the pressure-volume measurement, all the sample shoots were photographed for
measurement of total leaf surface area (41, m?) as described below, and then oven-dried
to constant weight to obtain leaf dry mass (Mp, g). The following variables were
calculated to estimate drought tolerance of shoots: fresh weight at saturation (Mr, g),
osmotic potential at saturation (Psa, MPa), osmotic potential at turgor loss (¥Pup, MPa),
relative water content at turgor loss (RWCp) at the bulk shoot level. ¥y, is a physiological
measure of plant water stress (Bartlett et al. 2012), which decreases if leaves experience
constant drought conditions (e.g., Pallardy 2007; Rodriguez et al. 2012; Negret et al.
2013).The saturated leaf water content (Mw = Mr - Mp) was used for calculating leaf
hydraulic capacitance (Cr, mol m? MPa™), and succulence (S., g H2O m™).

CL=08RWC /%L (Mp/ AL) (Mw / Mp) /M

SL=Mw /AL

where, SRWC / 6¥L is the slope of the WL-RWC relationship calculated from the

pressure-volume curve and M is the molecular weight of water.
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3.3.4 Leaf morphology and anatomy

After pressure-volume measurement, each sample shoot was placed on a slide-viewer,
illuminated from below, and photographed to obtain the shoot silhouette image. Then all
leaves were detached from the shoot axis, laid on the slide viewer without overlap, and
photographed. Photographed images of shoots and leaves were analyzed using image
analysis software (Image-J ver. 1.48; National Institute of Health, USA) to quantify shoot
silhouette area (4s, m?) and projected leaf area (4p, m?). To obtain 41, perimeter-to-width
ratios obtained from leaf transverse sections were multiplied by A4p (Barclay and
Goodman 2000). These measurements were used to calculate leaf mass per area (LMA =
Mp / Ap, g m-2) and shoot silhouette area to projected leaf area ratio (SPAR = As / 4p), a
measure of leaf overlap within the shoot.

Second-year leaves of a different set of sample shoots from the same branches were
fixed with FAA (formalin, acetic acid, 50% ethyl alcohol; 5:5:90 v/v) and washed under
tap water overnight. For all heights, transverse sections (24um thickness) were taken
consistently from the same part of the leaf (at the midpoint between leaf tip and its
attachment to the stem) using a sliding microtome installed with a holder for frozen
sectioning (REM-710, Yamato Kohki Industrial Co., LTD., Japan). Leaf sections were
double stained with safranin-fast green to differentiate lignified cells and living cells.
Three leaf transverse sections from each sampled branch were observed under an optical
microscope (Nikon, Eclipse 801, Nikon, Tokyo) and photographed with a digital camera
(E-620, Olympus, Tokyo). Then, we quantified the cross-sectional area of xylem (A4x,

mm?) and transfusion tissue (4tr, mm?) using Image-J.

35



3.3.5 Structure and function of transfusion tissue

To roughly detect the pathway of water flow through leaf tissues, the cut end of foliated
shoots comprising third-, second- and current-year internodes sampled from 50 and 26 m
height were immersed in an aqueous solution of 0.5% (w/v) acid fuchsin. After 1 and 2
hours, we observed by eye that the leaf apices were stained red indicating that the shoots
had absorbed the acid fuchsin. Three leaves from each shoot were transversely sectioned
at midpoint to 24 um thickness using same methods as described above. The leaf sections
were observed under the optical microscope.

To observe diurnal changes in leaf anatomy and water status, intact foliated shoots at
treetop (52 m and 51 m) and lowest (26 m and 19 m) branches in two of the study trees
were flash-frozen in situ in liquid nitrogen (LN3) at predawn and midday on a clear day
in September 2014. The frozen shoots were then cut and kept immersed in LNy,
transported to the laboratory, and stored in a freezer at —80 °C. A fresh transverse surface
was made at the midpoint of second-year leaves from each frozen shoot using an
electronic microtome cryostat (HM 505 E, Microm International, Walldorf, Germany) at
—35 °C. The specimen was attached to the holder with Tissue-Tek Embedding Compound
(Sakura FinetekUSA, Torrance, CA, USA), and then transferred to a cryo-scanning
electron microscopy system (cryo-SEM; JSM6510, JEOL, Tokyo, Japan). Secondary
electron images were obtained at an accelerating voltage of 3kV with shallow sublimation
to observe water within the leaf structure. After obtaining images, samples were
sublimated deeply for approximately 30 min to remove water from the sample surfaces
to observe the leaf structure clearly.

Along with the frozen samples, a pair of small branches (30—50 cm long) was collected

from each of the sampling locations at midday. Using one set of these samples, bulk leaf
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water potential (¥7) was measured with a pressure chamber as reference of in situ ¥, at
midday. The remaining set of sample branches were immediately re-cut under water,
sealed in black plastic bags, and fully rehydrated in the laboratory overnight. Three to
five foliated shoots on the rehydrated branches were flash-frozen in LN> before removal
from the branch. Three to five additional shoots were bench-dried until ¥, reached values
similar to that at midday in the field, then flash-frozen in LN>. Cryo-SEM images of the
rehydrated and bench-dried leaves before and after deep sublimation were obtained using
the same methods as described above.

The cryo-SEM images were analyzed to compare the shape of transfusion cells under
different conditions. In each image, ten transfusion cells were randomly chosen and
measured cross-sectional area (4Arc, pm?) and perimeter (Prc, um) using Image J to

calculate circularity (Crc = 4ndtc / Prc?) of each transfusion cell.

3.3.6  Statistical analyses

For each variable of leaf water relations, leaf morphology and leaf anatomy, intercepts
and slopes of the relationships among study trees were compared by analysis of
covariance (ANCOVA) with individual study trees as the random effect and height and
canopy openness as the covariate. Although the random effect of the study trees was
significant for some variables, the relationships with height and canopy openness was
similar for all study trees. Thus in order to examine species characteristics, we pooled the
data for all study trees and analyzed each variable in relation to height and canopy
openness using regressions analysis.

Atc and Crc between different water statuses and heights were compared by three-way

analysis of variance (ANOVA) with water status and height as the main effects and study
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trees as a random effect. Although the random effect of the study tree was marginally
significant (£ > 4.8, P < 0.048) for some variables, the trends were similar for all study

trees. All statistical analyses were done using JMP 11 (SAS Inc., Cary, NC, USA).

Table 3.1 Structural attributes of four C. japonica study trees at NMFR.

Tree Height (m) Diameter at breast height (m)
1 51.5 114.0
2 50.1 105.3
3 48.7 117.9
4 47.8 109.2
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3.4 Results
3.4.1 Leaf water relations

Osmotic potential at turgor loss (¥up) did not change with either height or canopy
openness (Figs 3.1a and 3.1b; P = 0.89 and P = 0.23, respectively). Osmotic potential at
saturation (¥s.) did not change with height or canopy openness (Figs 3.1c and 3.1d; P =
0.39 and P = 0.54, respectively). Relative water content at turgor loss (RWCyp) increased
with both height and canopy openness (R’ = 0.18, P = 0.002 and R’ = 0.18, P = 0.002,
respectively). Leaf hydraulic capacitance (Cr) and succulence (S;) both increased with
height (Figs 3.1e and 3.1g; P = 0.04 and P < 0.0001, respectively). CrL and S, of treetop
leaves were almost twice that of lower crown leaves. In relation to canopy openness, Cr.
did not change, while Sy increased consistently (Figs 3.1f and 3.1h; P = 0.26 and P <

0.0001, respectively).

3.4.2 Leaf morphology and anatomy

Leaf area of the sample shoots was constant within the crown (R = 0.006, P = 0.58)
but leaf dry mass increased with height (R? = 0.21, P = 0.0006). As a result, Leaf mass
per area (LMA) increased with both height and canopy openness (Figs 3.2a and 3.2b; P <
0.0001 and P < 0.0001, respectively). Shoot silhouette area to projected leaf area ratio
(SPAR) decreased with height and canopy openness (Figs 3.2¢ and 3.2d; P < 0.0001 and
P =0.0004, respectively), that is to say treetop leaves are arranged spherically along the
shoot axis with more overlap than lower-crown leaves.

Cross-sectional area of xylem (4x) did not change with either height or canopy
openness (Figs 3.2e and 2f; P = 0.58 and P = 0.52, respectively), whereas that of
transfusion tissue (Atr) increased with both height and canopy openness (Figs 3.2g and
3.2h; P<0.0001 and P < 0.0001, respectively), such that A1t of treetop leaves was three
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times that of lower-crown leaves.

3.4.3 Structure and function of transfusion tissue

Transfusion tissue was located on both sides of the vascular bundle surrounded with
bundle sheath (Fig. 3.3). One hour after the absorption of acid-fuchsin solution, xylem,
phloem and transfusion tissues of both samples at 50 m and 26 m were stained (white
arrows in Fig 3.3b). Two hours after the absorption, cells in the mesophyll were also
stained (white arrows in Fig 3.3c¢), indicating that water flowed from xylem to mesophyll
via transfusion tissue.

The cryo-SEM images of leaves flash-frozen in situ are shown in Fig 3.4, while the
images of leaves flash-frozen in the laboratory are shown in Fig 3.5. The explanation
below is common to all observed leaves of the two study trees.

In leaves flash-frozen in situ at predawn, all transfusion cells and xylem tracheids of
both the top (Fig 3.4b) and lower-crown leaves (Fig 3.4c) were filled with water and fully
expanded. In leaves flash-frozen in situ at midday, all transfusion cells of both the top
(Fig 3.4d; ¥, = —18.6 MPa, for both study trees) and lower-crown (Fig 3.4e; ¥, =—15.5
and —12.2 MPa, for the two study trees) leaves were filled with water, but some
transfusion cells were flattened and/or concave shape (arrows in Fig 3.4d and 3.4e), while
xylem cells were filled with water and their shapes were maintained. In all cryo-SEM
images of top and lower-crown leaves, xylem embolism was not observed regardless of
conditions or treatments. The shapes of bundle sheath and phloem were also maintained
(Fig 3.4d and 3.4e). The shape of the deformed transfusion cells was more clearly shown
in the cryo-SEM images after deep sublimation (arrows in Fig 3.4f and 3.4g).

In cryo-SEM images of leaves after rehydration in the laboratory, all transfusion cells
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and xylem tracheids of both the top (Fig 3.5a) and lower-crown leaves (Fig 3.5b) were
filled with water and fully expanded. This was similar to the leaves flash-frozen in situ at
predawn (Fig 3.4b and 3.4c¢). After bench drying to ¥; values equal to those observed at
midday in the field, however, all transfusion cells of both the top (Fig 3.5c) and lower-
crown leaves (Fig 3.5d) were filled with water but some transfusion cells were flattened
and/or concave shape (arrows in Fig 3.5¢ and 3.5d), while xylem cells were filled with
water and their shapes were maintained. In all cryo-SEM images of top and lower-crown
leaves, xylem embolism was not observed. The shape of bundle sheath and phloem were
also maintained (Fig 3.5c and 3.5d). The shape of the deformed transfusion cells was
more clearly shown in the cryo-SEM images after deep sublimation (arrows in Fig 3.5¢
and 3.5f).

In leaves flash-frozen in situ, Atc at midday was smaller than that at predawn for both
treetop and lower-crown leaves (F' = 38.1, P < 0.001). Crc at midday was lower (more
flattened) than at predawn (Table 3.2, F'=89.8, P <0.001) and the difference was greater
for treetop leaves than for lower-crown leaves (F' = 12.5, P = 0.007). For both treetop and
lower-crown leaves frozen in the laboratory, Atc and Crc of bench-dried leaves were
lower and smaller, respectively than that of rehydrated leaves (F = 20.0, P <0.001 and F

=49.6, P <0.001, respectively).
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Table 3.2 Circularity (Ctc) and cross-sectional area (Arc) of transfusion cells of treetop and lower-
crown leaves of C. japonica under various conditions and water statuses

Crc Arc (pm?)
Condition Water status Top Lower Top Lower
in situ Predawn 0.79+£0.11 0.86+0.08 . 241 + 127 214 £ 95
Midday 057+0.10 0.66+0.12 * 94 £ 62 105+75 *
in the laboratory ~ Rehydration 0.80+0.11 0.83+0.12 184 + 121 188 + 79
Bench-dried 0.60+0.12 0.67+0.13 * 101 £55 106 £58 *

Values are the mean (£ one s.d.) of ten transfusion cells randomly chosen from each cryo-SEM image.

* and + denote significant differences (P < 0.001) between water statuses and crown position,
respectively.
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Figure 3.1 Leaf water relations of Cryptomeria japonica trees. Osmotic potential at
turgor loss (a, b), osmotic potential at saturation (¢, d), leaf hydraulic capacitance (e, f),
and succulence (g, h) shown in relation to height and light availability (canopy openness).
Lines indicate significant linear regressions (P < 0.01, except relationship between CL

and height is P=0.04). Symbol shapes denote different trees.
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Figure 3.2 Leaf morphology and anatomy of C. japonica trees. Leaf mass per area (a,
b), shoot silhouette area to projected leaf area ratio (¢, d), transverse-sectional area of
xylem (e, f), and of transfusion tissue (g, h) shown in relation to height and light
availability (canopy openness). Lines indicate significant linear regressions (P < 0.01)

and symbols shapes denote different trees.
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Figure 3.3 (a) Transverse-section of a second-year leaf at treetop (50m) of C. japonica.
(b) Closed up of the rectangular region in (a), one hour after absorption of acid-fuchsin
solution, where phloem, xylem, and transfusion tissue were stained by acid-fuchsin (e.g.,
arrows). (¢) Two hours after absorption, the mesophyll was also stained (e.g., arrows).
Abbreviations t; resin duct, m; mesophyll, p; phloem, x; xylem, tt; transfusion tissue, bs;

bundle sheath.
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Figure 3.4 (a) Cryo-SEM images of transverse-surface of a second-year leaf of C.
japonica. (b)—(g) Closed up of the rectangular region in (a). Treetop (51 m; b, d, f) and
lower-crown (26 m; ¢, e, g) leaves were flash-frozen in situ at predawn (b, ¢) and at
midday (d, e) on a clear day. (f) and (g) were taken after deep sublimation of (d) and (e),
respectively. Arrows denote examples of deformed transfusion cells. Abbreviations t;

resin duct, m; mesophyll, p; phloem, x; xylem, tt; transfusion tissue, bs; bundle sheath.
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Figure 3.5 Cryo-SEM images of transverse-surface of second-year leaves of C.
Jjaponica. Treetop (51 m; a, ¢, d) and lower-crown (26 m; b, d, f) leaves were flash-frozen
after rehydration (a, d) and subsequent bench drying until ¥; reached values similar to
those at midday in the field (—18.6 and —15.5 MPa for treetop and lower-crown,
respectively). (e) and (f) were taken after deep sublimation of (¢) and (d), respectively.
Arrows denote examples of deformed transfusion cells. Abbreviations m; mesophyll, p;

phloem, x; xylem, tt; transfusion tissue, bs; bundle sheath.

47



3.5 Discussion

In the tallest C. japonica trees, ¥y, remained constant with height and canopy openness,
indicating that drought tolerance of shoots was constant within the crown. On the other
hand, C. and RWCy, increased with height and canopy openness, which suggested
increasing drought avoidance with increasing height and irradiance. Typically, leaves
with high Cp have elastic cell walls, which contributes to slow water potential decrease
and maintenance of leaf turgor in response to decreasing water content (Salleo 1983).
Leaves with elastic cell walls, however, have less ability for water retention than those
with hard cell walls (Salleo 1983). To compensate for this, the trectop leaves of C.
Jjaponica were succulent, having high capacity for water storage relative to evaporative
surface area. Such drought avoidance of leaves is important for maintaining productivity
at the treetop, where high light and high temperatures cause high vapor pressure deficit.
In Eucalyptus pauciflora, which were watered after experimentally being exposed to
severe water stress, recovery of stomatal conductance occurred much later than stem
hydraulic conductance suggesting that in this species, leaf gas exchange is tightly
regulated to avoid drought stress (Martorell et al. 2014). Although in Callitris
rhombodieea (Cupressaceae), transpiration rates recovered rapidly to pre-drought levels
after rewatering (Brodribb and Cochard 2009), such regulation may result in reduced
photosynthetic rates under constant water stress. While various mechanisms have been
suggested as causes for hydraulically induced stomatal limitation in tall trees, in tall C.
Jjaponica, foliar water storage may be an adaptation, which allows the tallest trees to
maintain physiological function in treetop leaves. A similar homeostatic response of ¥up
and foliar water storage in treetop leaves was also found in S. sempervirens (Chapter 2),

and may be a common adaptation to hydraulic constraints in tall Cupressaceae.
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In succulent leaves of olive (Olea europaea L.) growing in arid regions, osmotic
adjustment and development of thick leaves are major adaptations against water stress
(Xiloyannis et al. 1999; Bacelar et al. 2004). In the C. japonica in this study, osmotic
adjustment was not observed but LMA increased with height and light availability. In tall
trees, the increase in LMA is driven by height (i.e., water status) more than light
availability (Coble et al. 2014) and leaves with greater LM A have less evaporative surface
area per dry mass, which prevents decreases in leaf-specific hydraulic conductivity under
water stressed conditions (Niinemets 2002; Burgess et al. 2006). In addition, SPAR
decreased with height and light availability. In conifer shoots, low SPAR is associated
with increasing boundary layer resistance, which decreases evapo-transpirational demand
under high vapor pressure deficit (Martin et al. 1999). Low SPAR of treetop leaves also
contributes to avoiding the negative effects of excess irradiance on photosynthesis, allows
more sunlight to penetrate into the lower crown, and compensates for decreasing
photosynthetic rate per leaf dry mass (Niinemets 2002; Ishii et al. 2007; Ishii et al. 2012).

Leaf anatomy also responds to water stress. For example, in the epiphytic plant,
Sarmienta repens, plants in sun conditions develop thicker, water-storing leaf
parenchyma, than those in shade (Godoy and Gianoli 2013). In C. japonica, mesophyll
anatomy and cuticle thickness did not change with height and light availability (data not
shown), while A7r increased. Our cryo-SEM images showed that transfusion cells were
flattened when leaf water potential decreased in situ and by experimental dehydration.
Deformation of transfusion cells surrounded by bundle sheath may be related to their
anatomical characteristics, such as non-uniform shape, tracheary-element-like hollow
structure, and cell walls with numerous bordered pits and less lignin deposition compared

with normal tracheids (Esau 1997; Bouche et al. 2014). While xylem cell collapse induces
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significant reduction in hydraulic conductance (Cochard et al. 2004), in experimentally
dehydrated leaves of some conifer species, transfusion cells dehydrate or shrink before
embolism occurs in adjacent tracheids in the vascular bundle and contributes to
preventing xylem dysfunction (Brodribb and Holbrook 2005; Johnson et al. 2009; Zhang
et al. 2014). In this study, it was found that transfusion cells of C. japonica were flattened
but not fully dehydrated, while no xylem cells were empty or deformed both in situ at
mid-day and by experimental dehydration. In addition, recovery of the shape of
transfusion cells at predawn as well as after experimental rehydration suggested that
deformation of transfusion cells is a reversible process. These observations suggest that,
in addition to increasing leaf hydraulic conductance, like leaf veins of broadleaved species
(Brodribb et al. 2007), transfusion tissue has functions of both water storage and supply,
much like a sponge, absorbing and releasing water according to leaf water status.

The decrease in cross-sectional area of transfusion cells at midday represents the
amount of water withdrawn from these cells in response to increasing water demand
caused by day-time transpiration. If transfusion tissue volume translates directly to
volume of water stored, the slope of the allometric relationship between Arr and S; would
equal 0.5. In this study, the analysis showed that it was 0.28 (S, = 521.26 A7rr %8, R? =
0.55, P =10.002), suggesting that in addition to increasing transfusion tissue, mesophyll
tissue may contribute to foliar water storage. Because water in mesophyll is easily lost
via stomata, dehydration of mesophyll induces decline in photosynthesis as a result of
stomatal regulation. Therefore, when transpiration demand increases rapidly, water must
be quickly supplied to mesophyll which involves the risk of putting a large load on leaf
xylem water potential and inducing xylem embolism. The water stored in transfusion

tissue can function as a “circuit breaker” (senmsu Zhang et al. 2009) against xylem
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embolism, protecting the xylem from such excessive loads while maintaining
photosynthesis. Thus the plastic response of transfusion tissue may act as a hydraulic
buffer preventing disruption of water flow due to such rapid decrease in leaf water
potential. More marked deformations of transfusion cells were observed in treetop leaves
than in lower-crown leaves suggesting that a greater hydraulic buffer is required for the
more water-stressed, treetop leaves.

As with S. sempervirens (Oldham et al. 2010; Chapter 2), increasing cross-sectional
area of transfusion tissue with height in the tallest C. japonica trees reflects increasing
capacity for foliar water storage, an anatomical response to increasing water stress. In S.
sempervirens, cross-sectional area of xylem decreased with height, suggesting decreasing
reliance on water transport from roots and that the source of stored water in treetop leaves
may not be from roots but from fog or other moisture absorbed via leaf surfaces (Chapter
2). In cloud forests, fog and cloud immersion result in increased photosynthesis, leaf
conductance, and xylem water potential in conifers (Simonin et al. 2009; Berry and Smith
2013). In the north coast of California, where S. sempervirens occurs, summer fog arising
from the Pacific Ocean is an important source of moisture in rainless summer (Dawson
1998; Johnstone and Dawson 2010). In contrast to S. sempervirens, cross-sectional area
of xylem remained constant with height in C. japonica, this may be because the northwest
coast of Japan receives more summer rain (ca. 400 mm during Jun, Jul, Aug) than northern
California, maintaining soil water supply.

Although stem water storage plays an important role in the water and carbon economy
of tall trees (Phillips et al. 2003), experiments using small trees have shown that crown
water storage contributes more to whole-tree transpiration rate than the stem (Zweifel et

al. 2000). Water storage (hydraulic capacitance) and vulnerability to cavitation of the bole
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and branch xylem decrease with height to maintain water transport from root to leaves
(hydraulic safety, Domec and Gartner 2001; Burgess et al. 2006; Schulte 2012).
Increasing foliar water storage with height could compensate for increasing water demand
at the treetop and realize hydraulic homeostasis within the crown. Changes in anatomical
structure of a leaf and associated hydraulic properties may be an adaptive mechanism
acquired by tall Cupressaceae trees to overcome hydraulic constraints on physiological

function with increasing height.
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Chapter 4

Water retained in tall Cryptomeria japonica leaves as

studied by infrared micro-spectroscopy
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4.1 Abstract

Recent studies in the tallest tree species suggest that anatomy and tissue structure of
tree-top leaves are adapted to the water-limited conditions. In order to examine water
retention mechanism of leaves in a tall tree, infrared (IR) micro-spectroscopy was
conducted on mature leaf cross-sections of tall Cryptomeria japonica from four different
heights (19, 31, 43, and 51 m). IR transmission spectra of three leaves at each height
were measured and OH and C-O absorption bands were mainly analyzed. The variation
in IR spectra of leaf sections from different heights were compared with macroscopic
physical measurements such as water contents per unit area or succulence (S) and
osmotic potentials of saturated leaves ( %%, sat). Both average OH band area (3700 — 3000
cm™) of the leaf sections and S increased with height. Average C-O band area (1190 —
845 cm™) increased with height and it was considered that polysaccharides such as
pectin and cellulose, the main component of plant cell wall, contributed to this. IR
imaging shows localization of the OH and C-O band areas, representing water and
polysaccharides respectively, within leaf tissues, which become widespread in
mesophyll at the treetop. The OH band can be well fitted by four Gaussian OH
components around 3520 (free water), 3380 (pectin), 3300 (cellulose) and 3238 (bound
water) cm, and all these OH components increase with height without changing their
relative proportions. In tall C. japonica leaves, OH and C-O contents by IR micro-
spectroscopy are found to be increased with height in agreement with physiological
water contents. Polysaccharides are supposed to be partly involved in the water retention

mechanism in tall tree leaves.
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4.2 Introduction

Water transport from root to leaf via xylem in tall trees is realized by the gradient of
water potential and supports vital metabolisms like photosynthesis and transpiration
(Larcher 2003). As trees become tall, a gradient of light and water availabilities is formed
within the crown (Koch et al. 2004; Ishii et al. 2008). At the top of tall trees, light
availability for photosynthesis is high, but the water availability is physically constrained
by long-distance water transport and increasing gravitational potential and hydrodynamic
resistance (Ryan and Yoder 1997; Midgley 2003; Franks 2006).

In Chapter 2, it was found that tree-top leaves of the tallest tree species, Sequoia
sempervirens (Cupressaceae), have capacity for foliar water storage, which may
compensate for constraints on water transport from roots. The same mechanism was also
found in the tallest tree species in Japan, Cryptomeria japonica (Cupressaceae), due to an
increase in transfusion tissue of leaves with height (Chapter 3), which is gymnosperm-
specific conducting tissue surrounding the vascular bundle and functions as water storage
(Takeda 1931; Hu and Yao 1981; Brodribb et al. 2010; Oldham et al. 2010; Aloni et al.
2013; Chapter 3). These results suggest that anatomical structures of tree-top leaves are
adapted to the water-limited conditions. It remains unclear, however, how leaf tissues
actually retain water. The elucidation of the water retention mechanism in leaves explains
why the water storage at treetop leaves is high, contributing to constant water potential
within the crown of tall trees.

Infrared (IR) spectroscopy has been used in plant studies such as plant anatomy,
physiology and ecology (Bamba et al. 2002; Dokken et al. 2005; Ribeiro da Luz 2006;
Heraud et al. 2007; Martin-Gomez et al. 2015). IR spectroscopy can visualize spatially

localized distributions and relative amounts of chemical components corresponding to
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plant anatomy at the tissue and cell levels (Dokken et al. 2005; Heraud et al. 2007). Water
molecules are considered to be present in various physicochemical states because of
varying hydrogen bond distances among them (Maréchal 2007). In IR spectroscopy, OH
stretching absorption frequency is known to decrease with decreasing intermolecular
hydrogen bond distance (Nakamoto et al. 1955). Therefore, IR OH bands are used for
studying hydrogen bonding nature of water molecules associated with bio-
macromolecules. Such physicochemical differences of water molecules are considered to
affect physiological functions in living systems (Maréchal 2007). However, hydrogen
bonding natures of water in tree leaves are not well documented and water retention
mechanisms in tall trees in relation to hydrogen bonding structures of water remain mostly
unknown.

In this study, IR micro-spectroscopy was conducted on leaf cross-sections of C.
Jjaponica to investigate water retention mechanisms in the leaves of tall trees based on

OH and C-O absorption bands and their distributions in microscopic leaf structures.
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4.3 Materials and methods
4.3.1 Sample collection

A 250-year-old Cryptomeria japonica tree (height = 51 m, diameter at breast height =
114 cm) at Nibuna-Mizusawa Forest Reserve, Tashirozawa National Forest in Akita
Prefecture, Japan (40.08°N, 140.25°E, 200 m altitude from sea level) was selected here
as a representative tall mature tree. In November 2013, we accessed the crown of the
study tree using single-rope climbing technique. We collected small branches (30—50 cm
long) from the outer crown from just below treetop to the lowest living branches at four
different heights (51, 43, 31 and 19 m). Sample branches were sealed in black plastic bags

and stored in a refrigerator for two weeks.

4.3.2 IR micro-spectroscopy

Second-year fresh leaves (mature leaves) were transversely sectioned at the midpoint
between leaf tip and its stem attachment to 24 um thickness using a sliding microtome
equipped with frozen mounting (Fig. 4.1a). Three leaves at each height were sectioned
and mounted on an IR transparent CaF; crystal (Fig. 4.1b).

In order to study water in these sectioned leaves in equilibrium with the room
temperature/humidity conditions, transmission IR spectra of a leaf section at 43 m height
were measured at intervals of 60 seconds for 6 hours from 2 hours after sectioning using
a Fourier-transform infrared (FT-IR) micro-spectrometer (FTIR-620 + IRT30, Jasco). A
625 um X 625 um aperture area in the central part of the leaf cross section (Fig. 4.1 c,d)
were monitored with 64 scans at 4 cm™! resolutions in the 4000 — 800 cm™! region at room
temperature around 25 °C. Then at 9, 17 and 23 days after sectioning, transmission IR

spectra of all leaf sections at four heights were measured using the same FT-IR micro-
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spectrometer with the same aperture in the central part of leaf cross sections with the same
measurement conditions as above.

IR micro-spectroscopic imaging was also performed on these leaf sections after 1 day
from sectioning using an IR imaging micro-spectrometer (Nicolet iN10MX, Thermo
Fisher Scientific) equipped with a 16 channel linear array MCT detector (1 pixel: 25 pm
X 25 um). IR spectra were obtained with 1 scan in the 4000 — 800 cm™! region at 16 cm™

resolutions.

4.3.3 Macroscopic leaf water measurements

We compared the results of IR micro-spectroscopy with macroscopic physical
measurements, which are conventionally employed in plant physiology. The leaf water
contents can be obtained by subtracting the dry weight, after drying to constant
temperature at 65 °C, from the fresh leaf weights at water saturation. They were
normalized by the surface areas of each leaf to obtain water contents per unit area or
succulence (S, g H.O m™; Bacelar et al., 2004; Ishii et al., 2014). Osmotic potentials of
saturated leaves (¥, sat, MPa) were obtained from the pressure-volume curve using a
pressure chamber (Tyree and Hammel 1972; Schulte and Hinckley 1985; Woodruff et al.

2004).
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a) Sectioning b) Mounting on CaF,

C) Leaf cross d) 625x625 pm? areafor
section IR interval measurement

Figure 4.1 (a)-(d) Procedures for IR micro-spectroscopy of Cryptomeria japonica

leaves.
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4.4 Results and Discussion
4.4.1 IR spectral changes with time after sectioning

Figure 4.2 shows changes in IR transmission spectra during 5 hours at room
temperature of the leaf at 43 m height (Fig. 4.1d). A broad band c. 3325 cm™ is due to OH
stretching vibrations. A band with peaks at 2920 and 2855 cm™' are asymmetric and
symmetric stretching of aliphatic CH,. A band at 1735 cm™! is C=O stretching of carboxyl
(COOH). A shoulder c. 1645 cm™ can be originated from amide I (C=O stretching) of
proteins. A band c. 1610 cm™ can be due to COO™ species (deprotonated COOH). A small
band at 1545 cm™! might be amide II (C-N-H bending, C-H stretching of peptides). 1415
cm! can be originated from COO™ of pectin. 1370 cm™! band is due to bending of aliphatic
CHs. A small band at 1315 cm™! can be from OH bending in plane of alcohol group. A
1235 ¢cm’! band is corresponding to amide III (C-N-H bending, C-H stretching of

peptides). A strong band at 1020 cm™!

is due to C-O species in polysaccharides. The
assignments of these bands are summarized in Table 4.1.

The changes in IR spectra during 5 hours with a 1 minute interval were mainly
attributed to decrease of OH band (Fig. 4.2). In order to examine quantitative changes,
band areas of OH (3700 — 3000 cm™') together with those for CH (3000 — 2785 cm™) and
C-O (1800 — 845 cm!) were determined and plotted against time (Fig. 4.3a,b). The
aliphatic CH and C-O band areas were almost constant during 5 hours of measurement
(Fig. 4.3a). On the other hand, the OH band area decreased in the first two hours and then
became relatively constant with some fluctuations possibly due to humidity/temperature
changes with air conditioning of the experimental room (Fig. 4.3b).

IR spectra of the leaves from four different heights did not show significant changes

among 9, 17 and 23 days after sectioning. Since the water decrease of the leaf sections
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were limited to the first several hours (Fig. 4.3), their water contents were considered to
be in equilibrium with the environmental humidity/temperature. In fact, the OH band

areas of the leaves at 9, 17 and 23 days after sectioning showed similar values (Fig. 4.4a).

4.4.2 IR spectra and IR maps of leaf sections from different heights

The averages of the OH and C-O band areas at 9, 17 and 23 days after sectioning were
plotted against leaf height along with the maximum and minimum value ranges (Fig.
4.4a,b). The OH and C-O band areas showed an increasing trend with height. The increase
in water contents with height appeared to be associated with the increase in sugars.

IR micro-spectroscopic imaging allowed visualization of the spatial distribution of
absorption bands for leaf sections from four heights (Fig. 4.5). OH band area (3700 —
3000 cm™) at 19 m height was large at the central part, corresponding to the vascular
bundle and transfusion tissue, and at epidermis (red portions in Fig. 4.5a). The leaves at
31 and 43 m showed similar images. On the other hand, the OH band area for 51 m
showed the band increases in the mesophyll regions. C-O band area (1190 — 845 cm™) at
19 m height was large at vascular bundle and transfusion tissue, and at epidermis (Red
portions in Fig. 4.5b). The C-O band area increased with height in mesophyll close to
epidermis and finally became widespread at 51 m. As described, localization of water and
sugar groups within leaf tissue could be observed using infrared micro-spectroscopy,
although the conventional dye staining method (e.g. PAS staining method) to visualize
polysaccharides, on the present leaves showed global pink coloration of the entire leaf
(data not shown). These increasing microscopic OH and C-O band areas with height are
in agreement with the increasing trends observed by the average OH and C-O band area

analyses (Fig. 4.4). Figure 4.5c¢ is explained later, in relation to C-O band species.
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4.4.3 Comparison with macroscopic physical measurements

We compared the variation in IR spectra of leaf sections from different heights with
macroscopic physical measurements, which are conventionally employed in plant
physiology. The increasing trend of saturated leaf water contents per leaf surface area (S)
with height from around 100 g HO m™ at 19 m to around 170 g H2O m2at 51 m (Fig.
4.6a) is in agreement with that for the OH band area (Fig. 4.4a). On the other hand,
osmotic potentials of saturated leaves ( %5, sar) remained constant with height, around —1.2
MPa (Fig. 4.6b), while the C-O band area increased with height (Fig. 4.4b). Osmotic
regulation in leaves is determined by relative amounts of solute concentration between
apoplast and intracellular water, and is considered to be controlled mainly by dissolved
sugars (Ackerson 1981; Watanabe et al. 2000). In this study, water was considered to
increase in both the apoplast and intracellular in leaves with height. Thus, in order to
maintain the constant % sa with height, the concentration of intracellular dissolved
sugars could increase with height or the solute concentration in apoplast could decrease.
Another factor that could affect the increase of C-O band area with height, is that the
treetop leaves produce more photosynthetate, such as starch, than the lower leaves.
Further studies including chemical analysis of leaves from different heights are needed to
answer these questions. The plant cell wall consists of various polysaccharides such as
cellulose, hemicellulose and pectin and their proportions change for different species
(Evert, 2006; Fukushima ef al., 2011). As these polysaccharides are non-soluble in water,
but are hydrophilic, if the increase in the C-O band area with height reflected the increase

in polysaccharides, these may contribute in part to water retention in tree-top leaves.
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4.4.4 OH band components in the OH stretching region

In order to discriminate different water and sugar species at different heights, difference
IR spectra were investigated. The IR spectrum of leaf section at 19 m height was
subtracted from those at 31, 43 and 51 m heights to examine differences in water and
sugar species (Fig. 4.7a). The subtraction was conducted by applying a coefficient to the
19 m spectrum so as to obtain the absorbance zero at 3000 cm™', which is considered as a
stable absorption minimum (Fig. 4.7b; 51m spectrum: 51 m— 19 m x 1.98,43 m: 43 m —
19mx 1.2,31 m: 31 m— 19 m x 1.33). In the OH stretching region, a positive band c.
3520 cm! is observed for 31 m leaf and it increases for higher leaves (Fig. 4.7b). Another
band c. 3250 cm™! also appears to increase for higher leaves (Fig. 4.7b).

In order to examine OH bands of representative polysaccharides, IR transmission
spectra of cellulose and pectin films were measured (Fig. 4.7c). OH and C-O bands show
differences for cellulose and pectin. The 3300 cm™ band is considered to be due to OH
groups in cellulose, while the 3380 cm™ band is due to -COOH groups in pectin.

The OH band positions observed in the difference spectra of leaves (3520, 3250 cm™)
and in the cellulose and pectin films (3300, 3380 cm™') were used as initial positions for
fitting the OH bands of leaves by four Gaussian bands without fixing the band positions
(Fig.4.8a). The fitting results for three samples at each height showed relatively good fits
with four Gaussian components with average band positions at 3529, 3412, 3307 and
3209 cm!. The representative fitting result is shown in Figure 4.8a. Average band areas
of three samples at each height were plotted against the height with the maximum and
minimum value ranges for each Gaussian component (Fig. 4.8b). The average band area
increased with height. On the other hand, the percentages of average band areas of three

samples are mostly unchanged for different heights (Fig. 4.8c). The band area of 3380
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cm™' (<COOH groups in pectin-like species) and 3250 cm™ (water molecules with shorter
H bonds) components occupy about 30%, respectively, and that of 3520 cm™ (water
molecules with longer H bonds) and 3300 cm™ (OH groups in cellulose-like species)
occupy about 20%, respectively (Fig. 4.8c). The water molecules with shorter H bonds
(‘bound water’) are more abundant than those with longer H bonds (‘free water’) (Fig.
4.8¢).

With increasing height, the amount of water in leaves of tall C. japonica increase, while
the water species retained in leaves seems to be similar among different heights. These
water species are considered to be retained by polysaccharides such as pectin and

cellulose.

4.4.5 Biomolecules contributing to water retention

The IR spectra of the cedar leaves showed the presence of bands c. 1735 cm™ (COOH),
1610 and 1415 cm™ (COO"), 1315 cm! (alcohol OH) and 1020 cm™! (C-O-C) besides
amides (I: 1645 cm™!, 11:1545 cm™! and 111:1235 cm™'), CHs (2920, 2855, 1370 cm™) and
OH bands (3325 cm™) (Figs. 4.2 and 4.7a; Table 4.1). These bands, in particular 1735,
1610, 1415 and 1020 cm™! bands, are similar to those for pectin (Fig. 4.7c). On the other
hand, 1735, 1610 and 1415 cm™' bands are not clear for cellulose. Therefore, the main
polysaccharide component in the leaves is considered to be pectin-like materials.

In the 1800 — 1000 cm™' region of the difference spectra from the leaf at 19 m height,
several positive bands are observed (Fig. 4.7b). The positive bands generally increasing
with height include contributions mainly from 1) amide I (1670 cm™) and I (1550 cm™)
bands of proteins present in mesophyll (possibly photosynthetic protein such as Rubisco),

2) COO™ of pectin (1415 cm™) and 3) C-O-C (1170 and 1120 cm™) of polysaccharides
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(Fig. 4.70b).

1) The observed increase of proteins with height is likely to reflect high-light
acclimation for increasing photosynthetic proteins such as Rubisco (Warren & Adams,
2001). 2) The increase of COO™ possibly linked to pectin at the treetop leaves can be
explained by decarboxylation of —-COOH and its binding to Ca*" in the cell forming Ca**
—~0O0C linkage for cell walls of leaf tissue (Fig 4.9a; Demarty et al. 1984; Liners et al.
1989; Dunand et al. 2002). The presence of positive bands from 1730 to 1610 cm™ (Fig.
4.7¢) can also be explained by this conversion of COOH (1740 cm™) to COO™ (1610 cm™
1. 3) Concerning the C-O-C bands, the ratio of two bands of polysaccharides (the peak
height ratios 1120:1170 cm™) increased with height in the IR maps (Fig. 4.5¢). In the
treetop leaves (51m), the areas with large 1120:1170 cm™ ratios surround the vascular
bundle and transfusion tissue, which have water transport and storage functions,
respectively (Evert, 2006; Brodribb et al., 2007; Azuma et al. 2015). On the other hand,
amounts of water and polysaccharides increased in surrounding outer regions of
mesophylls (Fig. 4.5a,b). The increase of the peak height ratios 1120:1170 cm™ might be
related to some changes in polysaccharides for the effective radial transportation and
retention of water in higher leaves. The band around 1145 cm™ for pectin (Fig. 4.7¢) can
be shifted to the lower wavenumber region by hydrogen bonding of adsorbed water
molecules to C-O species. Therefore, the increase in the peak height ratios 1120:1170 cm”
! with height for mesophyll regions in the IR map (Fig. 4.5¢) can be tentatively explained
by a shift of C-O bonds by hydrogen bonding to water molecules.

The study shows that, in tall C. japonica leaves, both OH and C-O band areas increase
with height in agreement with physiological measurements of leaf water content. IR

imaging shows localization of water and polysaccharides around the vascular bundle,
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transfusion tissue and in mesophyll adjacent to the epidermis of leaf transverse sections,
and they became widespread in mesophyll at the tree-top. Based on these results, it was
inferred that polysaccharides may contribute in part to water retention. The present results
suggest the following working hypothesis for water retention mechanism by
polysaccharides (Fig. 4.9):
1) Polysaccharide content (e.g., pectin) is higher for leaves in the upper crown.
2) Their carboxyl groups (COOH) become deprotonated (COO") and bound to Ca** in
the cell to form Ca bridges linking pectin molecules. (Fig. 4.9a)
3) Water molecules are then bound in the Ca-linked pectin molecules by hydrogen
bonding to C-O-C and C-OH. (Fig. 4.9b)

Detailed studies on water absorption by constituent biomolecules (polysaccharides
such as pectin, cellulose, hemi-cellulose, lignin, proteins such as Rubisco and lipids) are
needed for further understanding of the mechanism of foliar water storage in tall trees.
For example, in order to examine above working hypothesis, water adsorption
experiments to pectin with and without Ca bridges at different relative humidity
conditions should be conducted. Then by comparing these results with the same type of
adsorption experiments for the tree leaves, adsorbed water species and functional groups
interacting with water can be elucidated. The importance of polysaccharides such as

pectin for the water retention in tall tree leaves will be then confirmed.
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Table 4.1 Assignments of infrared bands observed in transmission spectra of the leaf

section at 43 m (Fig. 4.2), in the difference spectra from the 19 m spectrum for the leaves

at 51, 43 and 31 m (Fig. 4.7b), in the spectra for pectin and cellulose films (Fig. 4.7¢) and

in the OH bands of the leaves (Fig. 4.8). Abbreviations designate the followings. Vas:

asymmetric stretch, vs: symmetric stretch, 0.: asymmetric deformation (bend), Js:

symmetric deformation (bend).

Figure ~ Wavenumbe Assignment
No. r(cm?)
v(O-H) (long H bond) (Kubo & Kalda. 2005; Fackler et al.,
7b, 8 3520
2010)
7c, 8 3380 v(O-H) (COOH of pectin) (Synytsya et al. 2003)
v(O-H) (OH of cellulose) (Chung et al. 2004, Yang et al.
7c, 8 3300
2007)
7b, 8 3250 v(O-H) (short H bond) (Fackler et al., 2010)
Vas(C-H) from aliphatic CH; (Painter et al., 1981; Tonoue et al.,
2 2920
2014)
vs(C-H) from aliphatic CH; (Painter et al., 1981; Tonoue et al.,
2 2855
2014)
v(C=0) (COOH of pectin) (Kacurakova & Wilson, 2001; Heraud
7c 1740 et al., 2007; Synytsya et al. 2003; Szymanska-Chargot & Zdunek
2013)
2 1735 } v(C=0) from carbonyl groups of lignin and lipids (Painter et
7b 1730 al., 1981;Labbe et al., 2005; Heraud et al., 2007; Tonoue et al., 2014)
7b 1670 } v(C=0) from peptides (H-N-C=0) (amide | of proteins)
2 1645 (Heraud et al., 2007; Fabian & Naumann, 2012)
2 7b 1610 v(C=0) of lignin, vas(COO-) of pectin (Kacurakova & Wilson,
2001; Labbe et al., 2005; Heraud et al., 2007; Synytsya et al. 2003)
7b 1550 } v(C-H) and 8(N-H) from amide Il of proteins (Heraud et al.,
2 1545 2007; Fabian & Naumann, 2012)
7b 1515 v(C=C) of lignin (Heraud et al., 2007)
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7b, 7c

2, 7b,
7c

7b

2,7c

7b

7b

7b
7c

7b

2,7c

1450-1440
1415
1375
1370
1320 }
1235
1315
1270

1170
1145

1120

1020

0as(CH3) and 8as(CHy>) of proteins, lipids and lignin (Painter
et al., 1981; Heraud et al., 2007)

vs(COOQO) of pectin (Kacurakova & Wilson, 2001; Heraud et al.,
2007; Synytsya et al. 2003; Szymanska-Chargot & Zdunek 2013)
O(C-H) from CHs groups (Painter et al., 1981; Tonoue et al.,
2014)

0s(CHs) and &s(CH>) of proteins, lipids and lignin (Heraud
et al., 2007)

v(C-H) and &(N-H) from amide Il of proteins (Heraud et al.,
2007; Fabian & Naumann, 2012)

O(0-H) in plane from alcohol groups of carbohydrates
(Marechal & Chanzy, 2000; Fackler et al., 2010)

v(C-C) and v(C-O) of carbohydrates and lignins (Heraud et
al., 2007)

Vas(C-O-C) from glycoside of polysaccharides (Liang &
Marchessault, 1959; Marechal & Chanzy, 2000; Fackler et al., 2010)
Vas(C-O-C) of pectin (Heraud et al., 2007; Synytsya et al. 2003)
Vas(C-O-C) in ring of polysaccharides (Liang & Marchessault,
1959; Kacurakova et al., 1999; Marechal & Chanzy, 2000)

v(C-0) of polysaccharides (Marechal & Chanzy, 2000; Fackler
et al., 2010)
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sectioning.
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Figure 4.5 IR micro-spectroscopic mapping images of leaf sections from different
heights (19, 31, 43 and 51 m) for (a) OH (3700-3000 cm™") band area, (b) C-O (1190-845

cm’™!) band area, and (c) peak height ratios 1120:1170 cm™! (baseline: 1190-845 cm™).
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Figure 4.8  The working hypothesis for water retention mechanism in leaves of tall tree. (a) The carboxyl groups (COOH) become
deprotonated (COO-) and bound to Ca?" in the cell to form Ca bridges linking pectin chains. (b) Water molecules are then bound in the

Ca-linked pectin molecules by hydrogen bonding to C-O-C and C-OH.
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Chapter 5

General discussion
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5.1 Study summary

In these studies, the single rope technique (Laman 1995; Ishii 2000) made it possible
to directly measure the physiological functions of leaves and environmental conditions at
treetop in tall trees without huge facilities such as canopy tower. In order to elucidate the
physiological factor limiting the height growth in tall trees, multidisciplinary approaches
are needed, in addition to conventional tree physiological techniques. In this study, I
incorporated investigation of tissue structures related to physiological functions by
anatomical measurements and physicochemical properties of water in leaf tissue by
spectrometry measurements.

Three main results of this study are as follows:

1) The effects of water stress on leaves within the crown is constant and independent

of height

As indicated by results of the physiological measurements on leaves sampled at
various heights from treetop to the lowest branches in Sequoia sempervirens and
Cryptomeria japonica, constant water potential at turgor loss point reflected that the
effects of water stress on leaves was constant. In contrast, leaf capacitance increased
with height. As the leaves became smaller with height, light-intercepting area for
photosynthesis decreased, while saturated water content per unit transpirational area
increased. Thus it was suggested that hydraulic constraints at treetop was compensated
by increased capacitance of leaves. In S. sempervirens, these results were observed in
both of the different climatic regions, dry and humid. The leaves were capable of storing
water equivalent to five-times and four- times of the amount of daily transpiration in S.

sempervirens and C. japonica, respectively.
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2) Tissue structure of leaves (transfusion tissue) contributes to increasing the leaf

capacitance at treetop

As indicated by results of anatomical measurements in transverse sections of leaves
in S. sempervirens and C. japonica, the cross-area of transfusion tissue, which is
specific to gymnosperms, increased with height. As indicated by observation of both
leaf tissues and water using cryo-SEM after deep freezing by liquid nitrogen, the shape
of transfusion cells deformed containing water at midday and recovered the original
shape by the rehydration until predawn. This suggests that such reversible changes
enable transfusion tissue to function as both the sink for storing water and the source
for supplying water to leaves. In S. sempervirens and C. japonica, it was suggested that
functional structures of leaves change with height, giving priority to water storage in
order to maintain water conditions of leaves for the constant of physiological
functioning at treetop and the optimum trade-off in resource allocation between

photosynthetic apparatus versus water storing tissue determine maximum tree height.

3) The visualization of the distribution of water and sugar-species in the leaf

transverse sections

Infrared (IR) micro-spectroscopy was conducted on mature leaf cross-sections of tall
C. japonica to examine water retention mechanism of leaves. The variation in OH band
area with height corresponds to macroscopic physical measurements such as water
contents per unit area. IR imaging showed that the quantity and localization in leaf
cross-section of water and sugar-species like polysaccharides, which become
widespread in mesophyll at treetop. The present results suggested the following

working hypothesis for water retention mechanism that water molecules are then bound
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in the Ca-linked pectin molecules. Polysaccharides can contribute to water retention in
tall tree leaves.

Based on the above results, I propose the “hydraulic homeostasis hypothesis” for the
mechanism of height-growth limitation in tall trees, which includes a new concept of
physiological adaptation (as opposed to the conventional, physiological constraint) to

water stress in tall S. sempervirens and C. japonica (Fig 5.1).
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Figure 5.1 Conceptual diagram illustrating homeostasis of crown structure and function
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5.2 Homeostasis of crown structure and function in tall trees: A hypothesis

Theoretical criticisms of the hydraulic limitation hypothesis (e.g., Becker et al. 2000)
were followed by empirical evidence suggesting that height growth limitation is not as
simple as the hypothesis proposes. For example, stomatal limitation alone does not
explain reductions in height growth (Niinemets 2002) and various compensating
mechanisms have been found that maintain hydraulic conductance with increasing height
(McDowell et al. 2002; Barnard and Ryan 2003). These include lower leaf water potential
at canopy top during times of water stress (Barnard and Ryan 2003), greater sapwood area
per unit leaf area (McDowell et al. 2002), greater hydraulic capacitance (water storage)
(Phillips et al. 2003; Meinzer et al. 2006; Scholz et al. 2011), and hydraulic acclimation
is including alteration of hydraulic architecture such as allocation between foliage and
fine roots (Magnani et al. 2000), xylem tapering (Zaehle 2005), production of new vessels
in xylem at dry seasons (Uemura et al. 2004).

While increases in leaf area may compound hydraulic limitation in large trees in the
long term (Phillips et al. 2003), there is evidence that short-term adjustments in leaf area
could maintain homeostasis of leaf specific conductivity and carbon assimilation
(Sobrado 2003). Theoretically, stomatal regulating as ‘isohydric’ behavior produces near-
homeostasis in leaf water potential when the plant’s hydraulic system is operating close
to capacity (Buckley 2005). Both long-term structural acclimation and short-term
physiological regulation relate to change the levels of hydraulic conductance significantly
(Mencuccini 2003). In desert shrubs, for example, homeostasis of leaf water potentials
between the leeward and windward sides is maintained by changes in both leaf
physiological and morpho-anatomical traits (Iogna et al. 2013). The existence of similar

transport sufficiency (leaf-area normalized whole-plant hydraulic conductance) among
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various tree species including both angiosperms and conifers (Andrade et al. 1998; Becker
et al. 1999), suggests evolution of adaptation to maintain hydraulic homeostasis. Becker
raised the importance of evolutionary selection for increasing fitness of a species and that
natural selection should select for species able to adjust resource allocation where height
growth enhances tree survival and reproductive success (Becker et al. 2000). In the
neotropical savanna trees, the patterns of water uptake and access to soil water during the
dry seasons seemed to mainly determine wood density, which constrained evolutionary
options related to plant water economy and hydraulic architecture, leading to functional
convergence (Bucci et al. 2004).

The existence of mechanisms that compensate hydraulic limitation reflects the
importance of maintaining leaf water status for physiological functioning. This is true for
all parts of the crown of a large tree. Theoretical and empirical studies on hydraulic
architecture suggests homeostasis of leaf water status within the crown of a tree (Tyree et
al. 1983) and hydraulic models predict hydraulic conductance and transpirational demand
should be in balance, and thus constraints on water transport should be compensated to
maintain leaf water status (Whitehead et al. 1984). Such hydraulic homeostasis models
have proposed that constant water supply to all leaves within a tree could be realized by
tapering of xylem conduits, which maintains total resistance to water transport constant
throughout all the tree (West et al. 1999). Xylem anatomy such as pit membranes related
to trade-off between conducting efficiency and cavitation by drought (Hacke and Sperry
2001; Schulte 2012). Recently, it has been discovered that that aquaporins, which is water
channel proteins for facilitating water transport across cell membranes, mediate changes
in root and leaf hydraulic conductance (Hacke 2014). In hybrid popular plants subjected

to reducing the relative humidity or increasing the light intensity, root water flow
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increased with increasing the transcript abundance of aquaporin genes in roots (Laur and
Hacke 2013). In drought-stressed Picea plauca, when exposed to high humidity, water
absorption started and up-regulation of aquaporins, observed in the endodermis-like
bundle sheath, phloem cells and transfusion parenchyma of needles, coincided with
embolism repair in stem xylem aquaporins (Laur and Hacke 2014). Besides studies on
the structure differentiation of leaves, a better knowledge of the function and regulation
of the numerous aquaporine homologs expressed in leaves is also critically needed (Prado
and Maurel 2013).

Because treetop leaves receive the greatest amount of sunlight within a crown, they
may be hydraulically prioritized to realize high productivity (Sellin and Kupper 2005,
2007; Otoda and Ishii 2009). It is likely, however, that hydraulic compensation is coupled
with some cost in terms of resource allocation (i.e. carbon costs) (Barnard and Ryan 2003).
In this study, foliar water storage increased with height in S. sempervirens and C. japonica,
suggesting trade-off in resource allocation between photosynthetic apparatus versus
water-storing tissue. Maximum height may therefore be determined by the outcome of
this trade-off (Fig. 5.1). Future research should focus on adaptive mechanisms that
compensate for hydraulic constraints and how the tallest trees push the limits to tree

height.
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