Uwe Hacke Editor

Functional
and Ecological
Xylem
Anatomy

N Spring

€r



Functional and Ecological Xylem Anatomy






Uwe Hacke
Editor

Functional and Ecological
Xylem Anatomy

@ Springer



Editor

Uwe Hacke

Department of Renewable Resources
University of Alberta

Edmonton, AB, Canada

ISBN 978-3-319-15782-5 ISBN 978-3-319-15783-2  (eBook)
DOI 10.1007/978-3-319-15783-2

Library of Congress Control Number: 2015934905

Springer Cham Heidelberg New York Dordrecht London

© Springer International Publishing Switzerland 2015

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, express or implied, with respect to the material contained herein or for any errors
or omissions that may have been made.

Printed on acid-free paper

Springer International Publishing AG Switzerland is part of Springer Science+Business Media
(www.springer.com)


www.springer.com

Preface

Trees and wood have fascinated people for centuries, and this book was born out of
this fascination. Trees provide a habitat to countless birds and other animals that live
in them. Trees provide us with oxygen, timber, shade, and shelter, and they absorb
large amounts of carbon from the atmosphere. Similar statements can be made
about the other plant groups and growth forms covered in the book.

Vascular plants, whether woody or not, have remarkably complex conducting
tissues. The sugars made by photosynthesis as well as many other molecules are
distributed in the phloem. Water and nutrients are transported in the xylem. Phloem
and xylem, though fundamentally different in the way they function, are in close
proximity to each other, and together they connect plant organs that are often quite
distant. According to the cohesion-tension theory, water ascends plants in a meta-
stable state under tension (negative hydrostatic pressure). This transport mechanism
has profound implications for the structure of the xylem, as explained in several of
the book chapters. In woody plants, xylem also provides structural support to the
plant body and serves in storage. Water transport and leaf water supply are vitally
important for the sustained growth of forests, agricultural crops, and horticultural
plants. Globally, the amount of water moving through plant xylem is enormous.
Transpiration represents by far the largest water flux from Earth’s continents.

Many of my fellow contributors and I have been inspired by Martin Zimmermann’s
book Xylem Structure andthe Ascent of Sap and by Melvin Tyree and M. Zimmermann’s
2nd edition of the book, which was published in 2002. While the present book con-
tains many ideas and concepts originally described in Xylem Structure and the Ascent
of Sap, it is different in terms of its organization and content. A large amount of
experimental data is synthesized. New and emerging topics are covered.

The overall objective of the book is to explain what is currently known about
functional and ecological xylem anatomy. In addition to serving as a source of infor-
mation to professionals, instructors, and advanced students in plant science and for-
estry, I hope that the inherent beauty of xylem that is apparent in many images will
be a source of inspiration to readers who are not yet familiar with the topic. The
book offers aunique combination of scientific insight based on thorough experimental
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work and beautiful images, which often speak for themselves. The beauty of xylem
is evident at different scales; from views of striking tree ring patterns and vascular
networks in fern fronds, conifer needles, and angiosperm leaves, to microscopic
images of developing pits. As we continue to focus on increasingly small structures
that are relevant for water transport in plants, we may eventually arrive at aquapo-
rins, membrane-based water channels that impact water flow in living cells of xylem
and phloem, and in other tissues. In short, it is my hope that the book will not only
be a source of information, but also of inspiration.

The book begins with a discussion of the xylem of seedless vascular plants by
J. Pittermann and co-workers. Ferns and lycophytes have existed for 400 hundred
million years, yet we know relatively little about the vascular attributes of these
ancestral plants. The following chapters describe the ecological xylem function of
conifers, lianas, and drought-adapted chaparral species. The xylem of woody model
systems (poplar and grapevine) is discussed in detail.

Each of these plant groups has distinct xylem features, with regard to the size of
vessels and tracheids, the way in which these conduits are connected, and in terms
of pit structure. Pits connect adjacent conduits to allow water flow while also block-
ing the spread of gas from embolized conduits. Numerous studies have focused on
the function of pits, but less is known about their development. R. Dute synthesizes
what we currently know about the development, form, and function of torus-bearing
pit membranes in seed plants.

Several chapters explore how wood anatomy and hydraulic traits relate to a
plant’s ability to cope with drought. As temperature and precipitation regimes are
changing, drought-induced tree mortality has been observed in many parts of the
Earth in recent decades, and is now a major research topic (see Chap. 9 by
W. Anderegg and F. Meinzer).

Plants respond to different and changing environments by producing distinct
phenotypes within their life span. Understanding plastic responses of hydraulic
traits may be useful in predicting the impacts of climate change on woody plants.
In the past, variation in xylem properties has been mostly studied across different
species, but we are now learning more about how the xylem of a single species can
adjust to different growing conditions.

Many of the anatomical images show that vessels and tracheids do not exist in
isolation. Conduits specialized in axial transport of water are intimately connected
with living parenchyma cells. As explained by L. Plavcova and S. Jansen, paren-
chyma cells play important roles in the xylem. They provide opportunities for radial
transport between tissues, they store nonstructural carbohydrates, and they facilitate
the exchange of water and solutes between the apoplast and symplast.

Our understanding of whole-plant hydraulic architecture would remain incom-
plete without considering leaves. The leaf represents a major bottleneck in the
whole-plant hydraulic system; leaf hydraulic conductance is variable and it influ-
ences photosynthetic gas exchange. L. Sack et al. evaluate the contributions of the
vein system and the outside-vein system to leaf hydraulic conductance and to its
dynamics with leaf water status.


http://dx.doi.org/10.1007/978-3-319-15783-2_9
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Chapter 1

The Structure and Function of Xylem

in Seed-Free Vascular Plants: An Evolutionary
Perspective

Jarmila Pittermann, James E. Watkins, Katharine L. Cary, Eric Schuettpelz,
Craig Brodersen, Alan R. Smith, and Alex Baer

1 Introduction

The evolution of xylem was critical to the success of embryophytic land plants.
According to the fossil record, the earliest terrestrial autotrophs were algae followed
by bryophytes, simple organisms that lacked the ability to efficiently transport water
(Raven 1984; Sperry 2003; Taylor et al. 2009; Pittermann 2010). Like their ancestors,
today’s non-vascular plants have essentially two options for survival: inhabit peren-
nially wet substrates such as stream sides or exploit poikilohydry, the capacity to
recover from near complete desiccation (Niklas 2000; Proctor and Tuba 2002; Sperry
2003). In the absence of xylem, non-vascular plants are subject to the vagaries of
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their habitat and remain small because rehydration is a rapid, metabolically expen-
sive process that supports the rapid recovery of photosynthesis (Proctor and Tuba
2002). Over time, the need for effective spore dispersal combined with increased
competition for light selected for progressively taller, homoiohydric vascular plants,
peaking with evolution of hydraulically efficient woody xylem across both seed-
bearing and extinct seed-free lineages (Niklas 2000; Niklas and Speck 2001; Sperry
2003; Wilson 2013).

Much is known about the structure and function of xylem tissue in trees and
shrubs because they are economically important, ecologically dominant, and in the
case of angiosperms, highly diverse. However, the xylem in seed-free vascular
plants such as ferns and lycopods demands equal scrutiny because (1) ferns and
lycophytes have persisted for well over 400 million years—no small feat consider-
ing several extinction events, changing climates and the evolution of angiosperm-
dominated tropical forests (Rothwell and Stockey 2008; Taylor et al. 2009; Watkins
and Cardelus 2012) and (2) many species play critical roles in ecosystem processes
and may even control forest growth and regeneration (George and Bazzaz 1999;
Watkins and Cardelus 2012). Today, seed-free vascular plants are found on nearly
every continent and in a variety of habitats ranging from xeric or salt-water niches
up to the tropical forest canopies, which are often dominated by epiphytic ferns
(Moran 2008; Watkins and Cardelus 2012). In north temperate regions most ferns
are seasonal and terrestrial but in warmer climates, the fern morphospace includes
vines, tree ferns, epiphytes, aquatic and floating ferns (Ranker and Haufler 2008;
Mehltreter et al. 2010). Boasting an impressive 12,000+ species, the fern lineage is
the second most diverse only after the angiosperms (Ranker and Haufler 2008).
Despite their long history and ecological breadth, little is known about the vascular
attributes of these ancestral plants (Pittermann et al. 2013). The goals of this chapter
are to provide an overview of xylem structure and function in modern ferns, and to
consider the selection pressures that lead to observed macroevolutionary patterns of
xylem structure in extinct and extant seed-free vascular plants. The discussion will
be restricted to sporophytic shoots and leaves since these structures are the func-
tional equivalents to stems and leaves in seed plants.

2 Vascular Tissues in Stems and Leaves of Seed-Free
Vascular Plants

The fossil record shows that the vascular tissues of seed-free vascular plants appeared
prior to those of conifers and angiosperms. Because extant pteridophytes do not pro-
duce wood, their primary xylem and phloem tissues are packaged in discrete vascular
bundles (meristeles) that are surrounded by an endodermis and often a waxy, circum-
endodermal band (see stele and vascular patterns in Figs. 1.1 and 1.2). The shape and
arrangement of these bundles differs among genera; even within bundles the xylem
can adopt a variety of patterns. In contrast to xylem of woody seed plants, which
mechanically supports the canopy as well as transports water, the primary xylem of
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Lycopodiophyta Polypodiopsida Equisetopsida Spermatophytes

(lycopods) (leptesporangiate ferns) (horsetails) (seed plants)

amphiphloic

L
Ilycopsid lacunae eustele

siphonostele

) equisetalean
dictyostele type steles

Fig. 1.1 Stem and rhizome stelar patterns in vascular land plants. All fossil and extant vascular
arrangements have their origin in the protostele, the simplest of steles. Drawings based on illustra-
tions in Beck (2010) and Taylor et al. (2009)

ferns and lycophytes serves solely for the purpose of water transport (Pittermann
et al. 2011, 2013). Despite their developmental canalization, extant pteridophyte
shoots exhibit a surprising diversity of vascular arrangements, suggesting that evolu-
tion may have acted on fern xylem in response to numerous selection pressures.

2.1 Vascular Arrangement

The primary transport tissues are arranged in central zones of roots or stems known
as steles. Stelar theory has traditionally pertained to stems and roots (Beck et al.
1982) but in this discussion, the nomenclature is applied to the arrangement of pri-
mary tissues in the main axes of fern leaves (fronds) and less frequently, the stems of
lycophytes. One or several vascular traces, each containing xylem and phloem, can
constitute a stele and these bundles may be variously situated in ground parenchyma
or sclerenchyma tissues (Beck 2010; see Figs. 1.1 and 1.2a-h). Of extant and fossil
stelar patterns, the protostelic arrangement characteristic of lycopods is considered
the most ancestral (Fig. 1.1; Beck et al. 1982; Taylor et al. 2009). In what is thought
to be the very first protostele (also termed a haplostele), the xylem is in the centre of
the vascular cylinder and is surrounded by the phloem (Beck et al. 1982). In contrast,



Fig. 1.2 Stelar arrangements and leaf characteristics of lycophytes and ferns. (a) The mixed proto-
stele of Phlegmariurus squarrosus, an erect lycophyte. Xylem tissue is stained red while phloem and
parenchyma remain unstained. (b) A close-up on a vascular bundle of Platycerium bifurcatum (Cav.)
C. Chr. showing red-stained xylem and clear phloem surrounded by an endodermis with a thick cir-
cumendodermal band. (¢) The dictyostele of Dryopteris arguta (Kaulf.) Watt comprising two large
vascular bundles and three smaller auxillary ones; the fibrous, peripheral sterome is also stained red.
(d) The dictyostele of Athyrium filix-femina (L.) Roth. (e) An omega-shaped vascular strand in Pteris
livida Mett. (f) The underside of a frond of Notholaena standleyi Maxon, a desiccation-tolerant chei-
lanthoid fern found in rocky, dry outcrops of the American Southwest; the underside of the leaf is
covered with a pale yellow farina that is exposed when the leaf curls while desiccating. (g) Stomatal
and epidermal patterns on the underside of pinnae in Pellaea truncata Goodd., a dry adapted cheilan-
thoid fern with sclerophyllous leaves. (h) Cross section of the trunk of Dicksonia antarctica Labill.
showing sclerenchyma tissue (dark brown) adjacent to a contiguous strand of primary xylem (dark
beige); leaf traces are evident on the periphery of the trunk. (Panel h by Christopher Rico)
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the more derived protostele of Phlegmariurus squarrosus (G. Forst. A. Love and
D. Love; Huperziaceae) exhibits mixed elements of xylem and phloem (see micro-
graph in Fig. 1.2a; Beck et al. 1982). In the rhizomes and shoots of many lycopods
and leptosporangiate ferns, the protostele appears to have given rise to the more
derived siphonostele arrangement, which is a hollow or parenchyma-filled cylinder
with ectophloic (external) phloem tissue (Fig. 1.1; Beck et al. 1982; Beck 2010). In
typical siphonosteles, a diverging leaf trace is evident as an interruption of the cylin-
der, giving it the resemblance of an arch, but in the absence of leaf traces, the sipho-
nosteles form complete cylinders with phloem that can be on both sides of the xylem
(amphiphloic) or simply on the external face (ectophloic) (Fig. 1.1; Beck 2010). The
dictyostele is the most dissected and derived of the leptosporangiate fern steles,
formed by numerous vascular strands that may or may not come into contact over
the length of the rhizome or the frond axis (Figs. 1.1 and 1.2b—d). Unusual among
extant steles, Equisetalean stelar arrangements incorporate characteristic air-filled
lacunae (Fig. 1.1). Lastly, the primary stem tissues of seed plants form the character-
istic eustele, a cylindrical arrangement of numerous vascular bundles (Fig. 1.1).

The three-dimensional arrangement of the vascular network is much less well
characterized than the stelar arrangements in transverse sections. The detailed rep-
resentations of Ogura (1972) and Beck et al. (1982) were probably created from
numerous cross sections and careful dissections, but the imaging methods pioneered
by Zimmermann and Tomlinson (1974) and Zimmermann and Tyree (2002)
improved both efficiency and precision by using sequential photographs of serial
stem cross sections to assemble, frame by frame, three-dimensional reconstructions
of vessel or vascular bundle arrangements. This cinematographic approach was lim-
ited to small pieces of tissue but it provided important insight into the longitudinal
and three-dimensional positioning of vascular tissues in both woody and monocot
plants (Zimmermann and Tyree 2002). White and Weidlich (1995) used it to docu-
ment the longitudinal, interdigitated pattern of meristeles in semi-arborescent mem-
bers of the fern genera Diplazium and Blechnum, demonstrating that comparable
phyllotaxis has evolved convergently in ferns and seed plants. A newer method in
which resins and polymers are directly injected into xylem tissue has proven
extremely useful for understanding angiosperm vessel networks and has been espe-
cially revealing about vessel-to-vessel pit connections (Mauseth and Fujii 1994;
Kitin et al. 2004). This approach is also valuable for measurements of conduit length
in seed-free vascular plants because tracheids seed-free vascular plants because tra-
cheids are often longer than a few millimetres and frequently resistant to standard
solutions of hydrochloric acid and hydrogen peroxide, making tissue macerations
problematic (Wheeler et al. 2005; Pittermann et al. 2011).

Newer methods may overcome some of the problems associated with xylem
network imaging. Recently, high resolution computed tomography (HRCT) along
with straightforward manual frond xylem extractions have revealed interesting
differences in the vascular organization of ferns (Brodersen et al. 2012). The
HRCT method relies on a synchrotron-generated source of focused X-rays to
provide micrometre-range resolution of vascular tissues in three dimensions
(Brodersen et al. 2011) and can be used for visualization of water movement and
droplet formation within the xylem as well as for reconstruction of tissue arrange-
ments (Brodersen et al. 2010, 2012). Unlike serial sectioning and macerations,
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HRCT is non-destructive, but at present, processing time and computing power
preclude the imaging of tissues longer than a few centimetres.

Dissections and meristele extractions have revealed that protosteles, such as
those in the lycopod Phlegmariurus squarrosus and the whisk fern Psilotum nudum
(L.) P. Beauv. (Psilotaceae) remain invariable along the shoot axis (Pittermann
unpublished data), but similar patterns can be seen in Osmundastrum cinnamomeum
(L.) C. Presl (Osmundaceae) in which a C-shaped stele remains intact over the
length of the frond (see xylem map in Fig. 1.3). In more derived pteridophyte clades,
the number of vascular bundles as well as their frequency of contact may vary con-
siderably. For example, a 110-cm-long frond of Pteridium aquilinum (L.) Kuhn
(Dennstaedtiaceae) has anywhere from 23 to 29 vascular bundles at the base of the
stipe and between 3 and 6 bundles at the tip of the rachis, with well over 100 bundle
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connections throughout the main axis of the frond (Brodersen et al. 2012). This is
an intricate network and probably an extreme example of stelar dissection. By con-
trast, only 4-5 basal bundles fuse to a single strand at the tip of the rachis in the
simpler network of Woodwardia fimbriata Sm. (Blechnaceae) and Polystichum
acrostichoides (Michx.) Schott (Dryopteridaceae; Brodersen et al. 2012). There is
some variation between the base of the frond (petiole) and the rachis region which
gives rise to the pinnae (Fig. 1.3). Lateral veins emerge from the large, main vascu-
lar strands in the rachis of all three species but network complexity increases in P.
acrostichoides, whereas it simplifies in the more derived Onoclea (Onocleaceae).
How selection drives xylem network variation is currently unclear.

2.2 Xylem and Phloem Ultrastructure

Phloem function is closely coupled with water transport, and Miinch’s pressure flow
hypothesis posits that mass flow of phloem sap depends in part on water influx from
adjacent xylem cells (Pickard and Abraham-Shrauner 2009). Recent models of leaf
gas exchange show plant productivity to be coupled to the dynamics of xylem and
phloem pressure gradients, and phloem has also been implicated in the recovery of
hydraulic function after a water deficit (Salleo et al. 2004; Nikinmaa et al. 2014). The
rapid wounding response of phloem makes it a difficult tissue to study but the use of
aphid stylets, scanning electron microscopy and models has enabled insight into its
functional attributes (Gaupels et al. 2008; Mullendore et al. 2010; Jensen et al. 2012).
Unfortunately, studies on phloem tissue in seed-free vascular plants are rare. Early
studies of Equisetum revealed that the phloem tissue comprises sieve elements and
perhaps also parenchyma cells (Agashe 1968). In Blechnum orientale L.
(Blechnaceae), sieve elements have sieve areas with numerous pores and possibly
callose tissue but the presence of companion cells is not clearly established (Fotedar
and Shah 1975). Clearly, phloem function in early-derived plants deserves more
study in contemporary plant biology.

The xylem structure of seed-free vascular plants has received considerably more
attention than phloem. The tracheids of ferns may be substantially longer and wider
than those of conifers, reaching widths well over 100 pm and lengths exceeding
1 cm (Veres 1990; Pittermann et al. 2011; see conduit diameter distributions in
Fig. 1.4). By comparison, conifer tracheids rarely exceed 40 pm in diameter and
2 mm in length, particularly in stems (Pittermann et al. 2006), with narrower, shorter
tracheids found in stiffer wood (Panshin and de Zeeuw 1980). In the absence of a
mechanical function, fern tracheids serve solely to transport water, and thus exhibit
none of the hydraulic constraints imposed by smaller lumina, relatively thicker
walls, and short cells evident in conifer tracheids (Pittermann et al. 2006; Sperry
et al. 2006). Several fern genera are believed to have vessel elements in their rhi-
zomes (Astrolepis (Pteridaceae), Marsilea (Marsileaceae), Woodsia (Woodsiaceae)
and Pteridium; Carlquist and Schneider 2007), with silicon injections confirming
vessels in excess of 20 cm in length in the petiole of Pteridium aquilinum (Wheeler
et al. 2005; Pittermann et al. 2011).
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Fig. 1.4 Conduit diameter frequencies in five fern species (reprinted from Pittermann et al. 2011)

Conduits must be perforated by inter-conduit pit membranes to allow water to
flow from one conduit to another. As in other vascular attributes, the pit membrane
structure in seed-free vascular plants differs substantially from that of conifers and
angiosperms. Angiosperms possess what is known as a homogenous pit membrane,
which is a partially digested primary wall protected by an overarching, secondary
wall border (Choat and Pittermann 2009). These membranes typically occupy radial
vessel walls and may be grouped near vessel-to-vessel junctions or located sporadi-
cally along the full length of the vessel wall. Conifers, on the other hand, possess a
torus—margo pit membrane in which water moves through the porous margo region
while the torus, a thickening in the centre of the membrane, serves to protect con-
duits from the spread of air throughout the xylem (Choat and Pittermann 2009; see
Chaps. 2 and 3). The vast majority of ferns and lycopods possess homogenous pit
membranes that span the length of the tracheid in a scalariform arrangement and are
located on nearly all the tracheid walls (see micrographs in Fig. 1.5a, b). Ranging in
thickness from 150 to 350 nm (Brodersen et al. 2014), pteridophyte pit membranes
appear less variable than those of angiosperms, in which range from 70 to 1,892 nm
(Jansen et al. 2009). Similar pit membrane arrangements have been observed in
seed-free vascular plants since the Early Devonian (Kenrick and Crane 1997; Taylor
et al. 2009). Interestingly, torus—margo pit membranes are present in ferns, but only
in the anomalous secondary growth in rhizomes in the genus Botrychium
(Ophioglossaceae; Morrow and Dute 1998; Rothwell and Karrfalt 2008). The pres-
ence of conifer-like pit membranes in Botrychium as well as bordered pits in Psilotum
indicates that ferns have the genetic potential to evolve xylem that is functionally
comparable to higher plants, but either selection acted on attributes of fern physiology
or life history that override the importance of pit membranes, or the genetic or devel-
opmental capacity to capitalize on these traits is absent.


http://dx.doi.org/10.1007/978-3-319-15783-2_2
http://dx.doi.org/10.1007/978-3-319-15783-2_3
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Fig. 1.5 Tracheids of (a), Selaginella pallescens (C. Presl) Spring (air-seed pressure=3.8 MPa)
and (b), Phlebodium aureum (L.) J. Sm. (air-seed pressure =2.12 MPa). Tracheid walls are perfo-
rated by scalariform (S. pallescens) and reticulate (P. aureum) pit membranes. Scale bar=5 pm

3 The Xylem of Seed-Free Vascular Plants
in the Fossil Record

The fossil record opens a window into the fascinating morphological diversity of
early land plants, and also into some unusual excursions in plant structure and func-
tion. Many of these botanical experiments have failed but others have persisted into
the modern flora for reasons that may have little to do with physiology. Aside from
physiological attributes, ecological, reproductive and other life history traits cer-
tainly have played a role in taxon persistence. In fact, the disappearance of variously
woody progymnosperms, sphenopsids and isoétopsids demonstrates that having
secondary xylem is no guarantee against extinction.

3.1 Xylem in Early Land Plants

Fossil spore and possibly micro-fossil records suggest that vascular plants made
their appearance in the Silurian (Niklas and Smocovitis 1983; Kenrick and Crane
1997; Taylor et al. 2009), with the Lower Devonian giving rise to a diversity of
plants with transport tissues (Niklas 1985). Of these proto-vascular plants, the
Rhyniophytes (so-named for the Early Devonian Rhynie Chert locality) are proba-
bly the best characterized. Genera such as Rhynia, Aglaophyton and Cooksonia are
rhizomatous, with dichotomizing, stomatal-bearing shoots up to 18 cm tall,
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Fig. 1.6 Reconstructions and stem cross sections Aglaophyton major (a and b) and Asteroxylon
mackiei (¢ and d). Scale bars equal 1 cm in the plant reconstructions and 1 mm in the cross sec-
tions. Figure adapted from Boyce et al. (2003)

possessing variously developed central conducting strands (Edwards 1986; Taylor
et al. 2009; see illustrations of Aglaophyton in Fig. 1.6a, b). The vascular tissues of
Rhynia gwynne-vaughanii and Aglaophyton major are described as hybrids between
the hydroids of bryophytes and the xylem of more derived plants (Edwards 1986;
Kenrick and Crane 1991) but chemical analysis of fossil material suggests that the
vascular tissue was not lignified (Boyce et al. 2003). Bearing a close resemblance to
bryophytes, A. major is categorized as a pro-tracheophyte (see Boyce et al. 2003;
Fig. 1.6a, b), with R. gwynne-vaughanii falling closest to the next most-derived
group, the tracheophytes (Kenrick and Crane 1997; Boyce et al. 2003). Asteroxylon
mackiei, a more derived eutracheophyte from the Lower Devonian Rhynie Chert,
has well-developed lignified primary xylem, the presence of which is consistent
with the need to hydrate enations (small flaps of photosynthetic tissue) that cover its
stems and increase its evaporative surface area (Boyce et al. 2003; Taylor et al.
2009; see illustrations of Asteroxylon in Fig. 1.6c, d).
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The conduit structure of early land plants may have been more diverse than that
of extant seed-free vascular plants. Moss hydroids are unlignified and, aside from
plasmodesmatal-derived pores, they lack additional structural features (Kenrick and
Crane 1997; Beck 2010). By comparison, conduits of more derived rhyniophytes
show greater complexity and reinforcement against collapse. In Rhynia, for exam-
ple, the transport cells have spongy helical wall thickenings (Kenrick and Crane
1991). In Early Devonian Gosslingia and A. mackiei, the tracheid walls comprise a
two-layered cell wall with a chemically resistant inner layer (Kenrick and Crane
1991; Taylor et al. 2009). The P-type tracheids of Psilophyton, a Lower- to Mid-
Devonian eutracheophyte, are probably the most structurally robust with what
appears to be a higher wall fraction and degradation-resistant cell layer (Kenrick
and Crane 1991, 1997). Taken together, the fossil record during the early Devonian
trends toward an increase in xylem content and tracheid size, as well as tracheid
reinforcement. Wall perforations resembling pit membranes become evident in the
eutracheophytes as hydraulic demand must meet increasing plant size.

The Cladoxylopsids, early euphyllous fern-like plants with various degrees of
xylem organization, make their appearance in the Middle to Upper Devonian, along
with the more derived Rhachophytales, Stauropteridales and Zygopterids (extinct
taxa with large, frond-like leaves; Taylor et al. 2009). Collectively, these groups
appear to be related to ferns but it is unclear whether they are ancestral or sister taxa.
Many of these plants have xylem arrangements that not featured in today’s flora
(Rothwell and Stockey 2008). For example, the star-shaped protostele of the
Cladoxylopsids is defined as an actinostele and is unlike any extant stelar arrange-
ment (Rothwell and Stockey 2008; Taylor et al. 2009; Beck 2010). Some specimens
such as Pseudosporochnus may have been small and arborescent, but others such as
Eospermatopteris and Pietzschia schulleri reached heights in excess of 8 m (Taylor
et al. 2009). In Cladoxylopsids such as the Iriopteridales, the main axes measured
over 5 cm in diameter, with cross sections showing dissected cross-shaped or bifur-
cating star-shaped protosteles that supported leaves with a single vascular trace
(Taylor et al. 2009).

3.2 Secondary Xylem in Seed-Free Vascular Plants

Increased competition for light and other resources selected for taller plants with more
developed canopies in the early evolution of eutracheophytes. Higher rates of transpi-
ration necessitated increased hydraulic demand that was satisfied by greater xylem
fraction and wider (and presumably longer) conduits. Fossils show that tracheid diam-
eter increased by an order of magnitude during the Devonian from the 8 pm tracheids
of the primitive Cooksonia to the 140 pm metaxylem conduits of Stenomylon primae-
vum, an early Carboniferous seed fern (Niklas 1985). Although early vascular plants
such as Rhynia and Asteroxylon were herbaceous, the recent identification of true
secondary xylem in putative relatives of Psilophyton and Armoricaphyton suggests
that this trait evolved much earlier than originally thought (Gerrienne et al. 2011;
Strullu-Derrien et al. 2014). It appears that Psilophyton had a bifacial vascular
cambium in which cell initials divide both radially and tangentially.
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20 pm

Fig. 1.7 Cross section of a root (a) and (b) a longitudinal section of stem tissue belonging to
Callixylon-Archaeopteris, a Devonian progymnosperm. Clustered pit membranes with cruciform
apertures are evident in panel b. (Material courtesy of Dr. Diane Erwin, UC Berkeley Museum of
Natural History)

Secondary xylem, whether unifacial (only tangential cell divisions) or bifacial, is
now believed to have evolved on at least five separate occasions, and by the Late
Devonian, secondary vascular tissues were present in many dominant seed-free vas-
cular plant lineages including the Lepidodendrales, Sphenopsids, pro-gymnosperms,
the Zygopterids and Devonian—Carboniferous seed ferns (Barghoorn 1964; Beck
1970; Cichan 1985a, b; Sperry 2003; Taylor et al. 2009). Unifacial vascular cambia
were present in arborescent lycopods such as the Lepidodendrales. Indirect analysis
of xylem development suggests that cambial initials divided centrifugally with no
anticlinal (radial) division, such that any increase in trunk circumference was
accommodated by progressively larger fusiform initials (Cichan 1985a). Similar
patterns of development probably occurred in the Carboniferous horsetail relatives
including Sphenophyllum and Arthropitys species (Cichan 1985b).

Prior to the discovery of true secondary xylem in Psilophyton, the progymno-
sperms were thought to represent the earliest known class of plants with true wood
derived from a bifacial cambium (Gerrienne et al. 2011). This group of plants pos-
sessed the unusual combination of coniferous, pycnoxylic wood with a canopy
comprising free-sporing foliage, superficially similar to those of ferns (Beck 1970;
Taylor et al. 2009). Growth rings, ray parenchyma and clustered, bordered pits
with offset, cruciform apertures were present in both root and trunk xylem of
the Archaeopteridales, of which the spore-bearing Devonian/Carboniferous
Archaeopteris-Callixylon is best studied (Meyer-Berthaud et al. 1999; see micro-
graphs of Callixylon xylem in Fig. 1.7a, b). Although it was seed-free, Archaeopteris
was crowned “the Earth’s first tree” because it demonstrates several developmen-
tal attributes of more derived plants, including perennial lateral branches
(Meyer-Berthaud et al. 1999, 2000).
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3.3 Fern Xylem in the Fossil Record

Ferns are functionally defined as megaphyllous plants with spores on the underside
of their leaves (Rothwell and Stockey 2008, but see also Smith et al. 2006 for a more
thorough treatment), but as Archaeopteris and Psilophyton demonstrate, specimens
from the fossil record can certainly stretch this definition. For clarity, we define
ferns as vascular, spore-bearing, megaphyllous plants with only primary growth.
The fossil record shows that modern ferns, including the Psilotaceae,
Ophioglossaceae, Equisetaceae, Marattiaceae and the leptosporangiate ferns have
their origins in the Devonian (Rothwell and Stockey 2008). Although some extinct
taxa exhibit stelar patterns that are unlike those of modern ferns today, the vascula-
ture of the true ferns has remained relatively conserved over deep time.

Three major diversification events characterize the evolution of the leptosporan-
giate ferns, the first of these occurring during the climatically mild Carboniferous
period (Rothwell and Stockey 2008). Fossilized petioles (stipes) of Botryopteridaceae
and Kaplanopteridaceae fronds show variable tripartite and C-shaped steles sur-
rounded by a thick, fibrous sterome layer (Rothwell and Stockey 2008). Similarly,
fossil leaf scars of Marattialean tree ferns (representatives of which are extant in
today’s tropics) indicate a variety of stelar arrangements including C-shapes as well
as more complex, possibly dictyostelic patterns. Stelar arrangements can vary along
the length of the frond, but it is difficult to comment on the overall arrangement of
the vascular strands with limited fossil material.

The Mesozoic gave rise to the second significant radiation of ferns, and included
the Gleicheniales and Schizaeales, descendants of which are found in today’s fern
flora. Features of other Mesozoic taxa fall within the range of trait variation found
in extant plants, as discovered in the Cretaceous remains of Osmundastrum
cinnamomeum, in which the stipe stelar arrangement (a C-shape) resembles that of
modern representatives (Serbet and Rothwell 1999). The steles in the petioles of
modern leptosporangiates range from highly dissected, as in the Marattiaceae, to
variously C-shaped; given the conserved anatomy of Osmunda over deep time, it
may be reasonable to suppose that stelar arrangements in the other leptosporangi-
ates with modern representatives are similarly conserved.

The third well-characterized fern radiation probably has origins in the upper
Jurassic, with the diversification of the Eupolypod I and II clades (Schneider et al.
2004; Schuettpelz and Pryer 2009), even though most of the fossil diversity is appar-
ent during the Cretaceous. Many taxa are now extinct but the fossil record suggests
conserved dictyostelic vascular architecture in the petioles. For example, two large
vascular strands resembling those of modern taxa are evident in Eocene specimens
of Blechnaceae and Athyriaceae (Rothwell and Stockey 2008; Fig. 1.2c, d).
Interestingly, this pattern is prevalent in the most recently derived fern clades, the
Eupolypods I and 11, a large fraction of which are epiphytic (Schneider et al. 2004;
Schuettpelz and Pryer 2009). Characterizing and understanding the biotic and
abiotic filters that selected for various vascular attributes over deep time will be a
multidisciplinary undertaking requiring expertise in paleobotany, paleoecology, and
plant structure and function.
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4 Xylem Function in Modern Pteridophytes

Water transport in ferns and other seed-free vascular plants presents an interesting
conundrum because in the absence of traits such a bifacial cambium, vessels and
torus—margo pit membranes, one might suppose that seed-free vascular plants are at
a competitive disadvantage relative to conifers and angiosperms (Pittermann et al.
2011, 2013). However, spore-bearing lineages have thrived since the Devonian, and
their physiology certainly warrants a closer look. Indeed, the mechanisms by which
ferns and lycophytes compensate for the absence or loss of these features makes for
an interesting discussion because it bears not only on the limits of their so-called
morphospace but also their evolutionary trajectory over time.

4.1 Hydraulic Efficiency in Ferns and Lycophytes

Of all the “missing” traits, the absence of a cambial layer in modern ferns and lyco-
phytes is perhaps the most costly because it severely limits transport capacity and
prohibits lateral branching. Consequently, ferns cannot develop complex canopies
or occupy the massive ecological footprints of woody plants (Rowe et al. 2004;
Rowe and Speck 2005). Ferns can, however, be dominant elements in tropical and
subtropical systems in places such as Hawaii, where the tree fern Sphaeropteris
cooperi (Hook. ex F. Muell.) R. M. Tryon (Cyatheaceae) has become invasive
(Robinson et al. 2010). Native tree ferns are ecologically important in the South
American and South Pacific floras where they frequently emerge after disturbances
(Coomes et al. 2005; Robinson et al. 2010). In arborescent genera, such as Dicksonia
and Cyathea, fibrous overlapping leaf traces form a several centimetre-thick sheath
around the trunk and fibrous roots can also serve a supportive function (Sharpe and
Mehltreter 2010; Fig. 1.2h). A second, less conspicuous constraint arising from the
absence of wood is an inability to increase canopy size and complexity with age—
the tree fern trunk simply elevates the canopy but the number of fronds remains rela-
tively constant. There is little if any room for developmental flexibility when only a
limited amount of primary xylem serves the canopy.

The absence of vessels in the vast majority of ferns precludes the leaps in hydrau-
lic efficiency achieved by flowering plants (Brodribb and Feild 2010; Feild et al.
2011). Vessels evolved several times across several lineages including angiosperms,
ferns, and possibly in several extinct taxa but for the vast majority of ferns, which
are tropical, the xylem remains tracheid based (Calkin et al. 1985; Sperry 2003;
Pittermann 2010; Watkins et al. 2010; Watkins and Cardelus 2012). Pteridium aqui-
linum, an aggressive weed, is a conspicuous exception: vessels have been identified
in fronds on several occasions, making this species one of the most hydraulically
efficient ferns amongst those surveyed (Wheeler et al. 2005; Pittermann et al. 2011;
Brodersen et al. 2012). Unlike most pteridophytes, P. aquilinum is tolerant of both
low light and full sun environments and can support transpiration and photosynthe-
sis rates up to 0.5 mol m=2 s7! and 15 pmol CO, m~? s7!, respectively, which are on
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par with those of angiosperms (Page 2002; Marrs and Watt 2006; Pittermann et al.
2011; Brodersen et al. 2012). Over 60 species of pteridophytes have managed to
invade both intact and disturbed ecosystems, often outcompeting and even smother-
ing native angiosperms and conifers (Robinson et al. 2010). The reasons behind the
ferns’ competitive edge are complex but a physiological approach may help explain
their rapid rates of spread, as well as the mechanism by which these species push
their xylem function and overall physiology beyond the norm. It is possible that
vessels may be present in a greater number of fern species than we currently know.

Given that the vast majority of ferns have xylem comprised exclusively of tra-
cheids, the absence of conifer type torus—margo pit membranes seems to add yet
another handicap that pteridophytes failed to solve during the course of evolution.
Torus—margo pit membranes are found primarily in conifer xylem and are about 60
times more permeable than the average angiosperm homogenous pit membrane
(Pittermann et al. 2006; Sperry et al. 2006). This is because water moves from tra-
cheid to tracheid through the highly porous margo region of the pit rather than the
dense network of microfibrils and hydrogels characteristic of homogenous pit mem-
branes (Sperry et al. 2006; Domec et al. 2008; Pittermann et al. 2010). Functionally,
the increased permeability of torus—margo pit membranes compensates for xylem
that consists of otherwise short, single-celled, high-resistance tracheids (Pittermann
et al. 2006). If torus—margo pit membranes were replaced with an average
angiosperm-type homogenous pit membrane, the tracheid-based vascular system
would be 38x less efficient (Pittermann et al. 2005; Sperry et al. 2006).

If woody plants represent paragons of hydraulic optimization, it seems
remarkable that ferns manage to transport any water all with what appears to be the
least desirable combination of xylem traits. And yet, fronds of Angiopteris evecta
(G. Forst.) Hoffm. (Marattiaceae) and Woodwardia fimbriata can exceed 1.5 m in
length with little more than a few strands of primary xylem! The notion that ferns
are constrained by primitive, inefficient xylem prevails because the bulk of pub-
lished data has been generated on tropical taxa, which experience neither high
evapotranspirative stress nor a high demand for water. For example, a survey of
hydraulic function in tropical terrestrial and epiphytic ferns revealed K to be no
higher than 8 kg MPa™' m™' s™! (Watkins et al. 2010). These values are corroborated
by gas exchange and leaf hydraulic data, which show that ferns barely achieve 20 %
of the physiological capacity of angiosperms (Brodribb et al. 2007). However, fern
habitats and ecological niches are nearly as varied as those of angiosperms, so when
non-tropical taxa are considered, the picture of fern hydraulics changes dramati-
cally. The K; has consistently been found to be higher than 20 kg MPa™! m™' s7! in
the stipes of the seasonally deciduous P. aquilinum, the perennial W. fimbriata and
the stems of climbing Lygodium japonicum (Thunb.) Sw. (Lygodiaceae; Pittermann
et al. 2011, 2013; Brodersen et al. 2012). Figures 1.8 and 1.9 show numerous spe-
cies that have K, in excess of 10 kg MPa™! m™' s, exceeding the hydraulic effi-
ciency of temperate ring- and diffuse-porous species by at least a factor of 2
(McCulloh et al. 2010; Lens et al. 2011; see Chaps. 2 and 4). Temperate ferns
should be sampled more intensively because these values may be the norm rather
than the exception for seasonally deciduous species.


http://dx.doi.org/10.1007/978-3-319-15783-2_2
http://dx.doi.org/10.1007/978-3-319-15783-2_4
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Fig. 1.8 Xylem-specific conductivity as a function of mean hydraulic conduit diameter in terres-
trial, hemiepiphytic, and epiphytic ferns from tropical and temperate habitats. Data from Watkins
et al. (2010) and Pittermann et al. (2011, 2013)

Three attributes may explain potential high specific conductivities in ferns. First,
fern tracheids can explore a surprisingly broad anatomical and functional
morphospace because shoot biomechanics are largely dependent on the sterome.
Indeed, their central position in the stipe-rachis ensures that they occupy a mechani-
cally neutral zone that is subject to neither the tension nor the compressive stresses
imposed on the hypodermal sterome by external loads (Niklas 1992). Hence, spe-
cies’ hydraulic conduit diameters range from 20 to 100 pm, exceeding the tracheid
and vessel sizes of several tropical and temperate woody taxa (see fern tracheid
dimensions in Figs. 1.4 and 1.10; Veres 1990; McCulloh et al. 2010). Hydraulic
efficiency of conduits scales to the fourth power of the lumen diameter (Tyree et al.
1994), so even a modest number of large tracheids can disproportionately contribute
to the overall transport capacity to the xylem. A second important consideration is
conduit arrangement within the fern vascular bundle. Despite devoting less than
30 % of frond cross-sectional area to xylem tissue, hydraulic efficiency is achieved
in part by the close packing of conduits within the vascular bundles, much like tra-
cheids in conifer xylem (see fern xylem structure in Fig. 1.2b—d). In this way, fern
xylem combines the best of both worlds: water moves through wide, long,
angiosperm-sized conduits that are tightly packed like those of conifers (Pittermann
et al. 2013). Lastly, pit membrane attributes also contribute to high K; in seed-free
vascular plants (see pit membranes in Fig. 1.5a). Several studies have shown that
the permeability of pteridophyte pit membranes to water is surprisingly similar to
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Fig. 1.9 (a) Variation in fern stipe tracheid lengths across taxa of hybrid origin and/or ploidy
levels. DryGol: fertile diploid Dryopteris goldiana; DryLud: fertile diploid Dryopteris ludoviciana
(Kunze) Small; Drylnt: fertile diploid Dryopteris intermedia (Muhl. ex Willd.) A. Gray;
DryCrix Int (also recognized as x bootii): Sterile triploid hybrid between Dryopteris cristata (L.)
A. Gray and D. intermedia; DryCar x Int (also recognized as x triploidea): Sterile triploid hybrid
between Dryopteris carthusiana (Vill.) H.P. Fuchs and D. intermedia; DryClix Gol: fertile tetra-
ploid hybrid between Dryopteris clintoniana (D.C. Eaton) Dowell and D. goldiana; DryCri:
D. cristata, DryCar: D. carthusiana, both fertile tetraploids; DryCli x Cri: Sterile hexaploid hybrid
between D. clintoniana and D. cristata; DryCli: Fertile heptaploid D. clintoniana. Data were taken
from a mixture of herbarium specimens maintained at the Cooley Herbarium at Colgate University
and from fresh material. In an attempt to control for environment, all taxa were collected or listed
on their herbarium label as having been collected in New York state. (b) Xylem specific hydraulic
conductivity (K;) of the stipes of DryCri: D. cristata; DryCrixInt (also recognized as x bootii):
Sterile triploid hybrid between D. cristata and D. intermedia; Drylnt: D. intermedia, DryCar x Int
(also recognized as X triploidea): Sterile triploid hybrid between D. carthusiana and D. inter-
media; DryCar: D. carthusiana. Ploidy levels are given at the bottom of each bar. Data were taken
from species collected in the field at the Huyck Preserve in Upstate New York. Conductivity was
determined by the balance method
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conifers and vesselless angiosperms. The area-standardized pit resistance (r;) of
ferns and lycophytes ranges from 1.99 to 283+ 130 MPa s m!, with an average of
54.6 MPa s m™' (Schulte et al. 1987; Wheeler et al. 2005; Brodersen et al. 2014),
whereas r,;, in conifers and vesselless angiosperms is estimated at 5.7 and
16 MPa s m™, respectively (Pittermann et al. 2005; Hacke et al. 2007). By contrast,
the average r,; of angiosperm vessels is 336 MPa s m™' (Wheeler et al. 2005; Hacke
et al. 2006). These values suggest that, similar to conifers and vesselless angio-
sperms, highly permeable pit membranes compensate in part for the higher resis-
tance imposed by a tracheid-based vascular system. Neither ferns nor vesselless
angiosperms show the predicted 38x loss in hydraulic efficiency associated with
non-conifer tracheids because convergent evolution acted to reduce membrane per-
meability across these distant lineages.

Ferns may be capable of evolving hydraulically efficient xylem, but it is primary
xylem nonetheless, and it imposes a fixed limit on physiological performance
(Pittermann et al. 2013). Indeed, the vast majority of ferns are found in the under-
story of moist tropical forests where low light levels combined with high humidity
reduce the need for highly efficient xylem. Filmy ferns (Hymenophyllaceae) are an
extreme example: their xylem tissue is reduced to less than a dozen conduits in stipe
cross section because the pinnae are usually only a single cell thick and lack both a
cuticle and stomata (Proctor and Tuba 2002; Proctor 2012). In the understory, there
is simply no need for selection to act on increased leaf venation or hydraulic effi-
ciency. Consequently, the data indicate a tight scaling between functional xylem
area and the distal frond area (Limm and Dawson 2010; Pittermann et al. 2011).
This may have profound implications for leaf gas exchange. Recent studies suggest
that stomatal closure in seed-free vascular plants is initiated at higher water poten-
tials than in angiosperms (Brodribb and Holbrook 2004; Brodribb and McAdam
2011), an adaptive response to impending drought stress because ferns lack the
hydraulic redundancy that high vein densities provide in angiosperms. High-density
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reticulate venation offers alternative pathways to water transport should localized
embolism occur (Scoffoni et al. 2011). It is easy to argue based on current data that
limited productivity in ferns is the penalty imposed by primary xylem, but without
seeing a parallel evolutionary trajectory of photosynthetic enzyme function, the
reasons behind the physiological canalization of ferns may not be fully understood.

Taken together, the evolution of large tracheids and, in some taxa, vessels, cou-
pled with selection for close conduit packing and permeable pit membranes, appears
to offset the hydraulic constraints that are inherent to ancestral, tracheid-based
xylem tissue. Yet despite their physiological limitations, it is impressive that seed-
free vascular plants managed to not merely persist but even thrive in habitats that are
dominated by conifers and angiosperms.

4.2 Hydraulic Failure by Cavitation

All vascular plants contend with low water potentials that can arise from any com-
bination of water deficit or high transpiration rates. Low water potentials render the
xylem susceptible to cavitation, that is the entry and subsequent expansion of air
within the water column that can lead to an air-vapour embolism. Air enters water-
filled conduits through pit membranes because they are mechanically the weakest
and most permeable regions of the conduit wall. Embolized conduits cannot trans-
port water, so selection has acted on xylem to keep an appropriate safety margin that
protects against cavitation while maintaining efficient rates of water transport.
Many studies have examined how xylem structure and function balances cavitation
safety with hydraulic efficiency in woody plants (see, for instance the Chap. 7) but
only a handful of papers have addressed these issues in seed-free vascular plants.

Despite the general perception of seed-free vascular plants as water-loving
understory plants, ferns occupy a wide enough range of habitats and niches to expect
that xylem would be subject to adaptive selection. For example, roots are commonly
reduced in epiphytic ferns, which helps explain why epiphytes may experience mid-
day water potentials lower than —4 MPa as compared to co-occurring terrestrial
ferns that stay above —2 MPa (Watkins et al. 2010). Patterns of water use may also
vary with life history strategies. A recent study showed that sun-exposed individuals
of the perennial W. fimbriata retain mid-day water potentials above —0.5 MPa,
unlike the seasonally deciduous P. aquilinum, in which water potentials frequently
dropped below —1.5 MPa (Brodersen et al. 2012). In moist, temperate habitats, the
minimum seasonal water potentials varied from —0.2 to —1 MPa in canyon-dwelling
Woodwardia, Dryopteris and Polystichum exposed to different light levels (Lo
Gullo et al. 2010). Water potentials of lycopods, tree ferns and desiccation-tolerant
ferns have yet to be measured, and much more work is needed to characterize fully
the water relations of seed-free vascular plants in situ.

Although few studies document fern water potentials in the field, the cavitation
response of ferns has received significantly more attention. Evaluating species
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cavitation resistance involves generating a response curve that shows the percent
loss of hydraulic conductivity due to cavitation against progressively decreasing
segment water potential. This can be done in any number of ways, including mea-
surement on whole leaves during controlled dehydration (Brodribb and Holbrook
2004), measurement on stipes with the centrifuge method in which water potentials
are simulated by spinning at high RPM such that air is pulled in through pit mem-
branes (Alder et al. 1997; Wheeler et al. 2005; Pittermann et al. 2011), and axial air
injection whereby air is gradually introduced into one end of a cut stipe, thereby
pushing air through pit membranes (Watkins et al. 2010). Several parameters can be
derived from this curve, the most widely used being the average water potential at
which species experience a 50 % loss of hydraulic conductivity (Psy). Early esti-
mates of fern vulnerability to cavitation were performed using whole fronds of
tropical species from lowland Costa Rica; these studies generated Ps, values rang-
ing from about —1.4 to —2 MPa, suggesting that ferns are more sensitive to water
deficit than angiosperms (Brodribb and Holbrook 2004). However, in a broad sur-
vey of tropical epiphytic and terrestrial fern taxa, Watkins et al. (2010) applied the
axial air-injection method to show that Ps, values can vary from a maximum of
—0.4 MPa in terrestrial pteridophytes to a minimum of —4.1 MPa in the cavitation-
resistant, epiphytic Elaphoglossum herminieri (Bory & Fée) T. Moore. Taken
together, Ps, values in the epiphytes were below —2.5 MPa and significantly lower
than what was measured in the terrestrial ferns, an adaptive response consistent with
expectations. A broader range of values was reported by Pittermann et al. (2011)
who used the centrifuge method to show that several species were unusually cavita-
tion resistant including the perennial Dryopteris arguta (Kaulf.) Maxon, W. fimbri-
ata and Pteris cretica L., which showed Ps, values ranging from —4 to below
—6 MPa, not unlike the Ps, range experienced by woody plants (Pittermann et al.
2013). The functional significance of such seemingly resistant xylem is unclear
because it’s not known whether these species experience such low water potentials
in situ. One possibility is that low Ps, values may endow these plants with a signifi-
cant safety margin to buffer the xylem against excessive cavitation when seasonal
water potentials reach their minimum. In these Mediterranean climate-adapted
perennials, a several MPa buffer may mean the difference between mere survival
versus growth and reproduction. Aside from the Watkins et al. (2010) study, there
are few field data with which this question can be explored and certainly no long-
term field measures to demonstrate a definitive connection between seasonal water
potential and spore production.

The costs of cavitation resistance are well understood in woody plants but much
less is known about this in ferns. In cavitation resistant conifer xylem, reduced tra-
cheid diameters and thicker tracheid walls lead to lower specific conductivities and
higher wood density because narrower, more reinforced tracheids are necessary to
withstand the hoop and bending stresses imposed by the water column during
drought (Pittermann et al. 2006). This is quantified by the conduit double-wall
thickness (#) to lumen diameter (b) ratio (#/b)* whereby higher values are associated
with denser, more cavitation-resistant xylem (Hacke et al. 2001). Similar costs are



1 The Structure and Function of Xylem in Seed-Free Vascular Plants... 21

evident in angiosperm xylem in which narrower, shorter vessels are mechanically
reinforced by thick-walled fibres (Jacobsen et al. 2005). Taken together, xylem
structure and function in woody plants is guided by a reasonably predictive safety
versus efficiency framework in which cavitation-resistant species with a low Ps,
exhibit reduced transport efficiency and greater xylem construction costs (Hacke
et al. 2001; Pittermann 2010). However, no such costs have been identified with
cavitation resistance in ferns; neither hydraulic efficiency nor the (#/b)? metric vary
predictably across the broad range of Ps, values sustained by fern xylem (Watkins
et al. 2010; Pittermann et al. 2011). Given that ferns are not equally cavitation resis-
tant, what might drive the observed variation in Ps,? Brodersen et al. (2012) sug-
gested that vascular organization may control the spread of air but possibly at the
cost of hydraulic efficiency. For example, P. aquilinum has many vascular bundles
that frequently fuse and divide along the length of the frond, a pattern that may
reduce hydraulic resistance by creating multiple pathways for water transport, but
by the same token, also providing multiple opportunities for network-wide embo-
lism by air-seeding. The Ps, of P. aquilinum ranges from —1.23 to —2.23 MPa, while
K, can exceed 40 kg MPa™! m~! s7! (Pittermann et al. 2011; Brodersen et al. 2012).
The opposite pattern was observed in the more cavitation-resistant W. fimbriata
(Psp=—1.11 to —5.21 MPa), in which two large and three smaller vascular bundles
were infrequently bridged by small, lateral bundles (Brodersen et al. 2012). The K,
of this species ranges from 10 to 42 kg MPa™ m™' s~! (Pittermann et al. 2011;
Brodersen et al. 2012). The anatomical attributes of the vascular bridges were not
evaluated, but wider tracheids were consistently observed in the large vascular
strands leading Brodersen et al. (2012) to speculate that these perform the majority
of water transport, with the smaller bundles acting as a hydraulic reserve should the
large bundles fail by embolism. Manipulative experiments indicate that in W. fim-
briata, the small vascular strands are indeed more resistant to embolism (Brodersen
et al. 2012). Whether similar patterns are found in other species remains to be seen.

The safety-efficiency trade-off is also in large part determined by pit membranes,
the function of which has been well-studied in both seed-bearing and seed-free
vascular plants. The pit membranes of ferns are similar enough to the homogenous
pit membranes of angiosperms to allow for some comparisons to be drawn.
Typically, thicker pit membranes are associated with higher air-seed pressures,
meaning that lower water potentials (or greater air pressures) are required to draw
(or push) air across the largest pore present in a pit membrane (Choat et al. 2005;
Brodersen et al. 2014). Air-seed pressures are determined experimentally by inject-
ing air into single conduits with glass capillaries and watching for air bubbles at the
distal cut end of a stem segment, which is immersed in water (Zwieniecki et al.
2001). In contrast to angiosperms, thicker pit membranes in seed-free vascular
plants are only weakly associated with greater air-seed pressures, suggesting that
membranes may not be the most direct target of selection (Jansen et al. 2009; Lens
et al. 2011; Brodersen et al. 2014). Instead, air-seed pressures were more consis-
tently related to conduit diameter, such that smaller conduits with smaller pit
membranes and overall lower pit membrane areas required higher air injection
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pressures to penetrate the pit membrane (Brodersen et al. 2014; Fig. 1.5b). Smaller
pit areas reduce the probability that a large membrane pore will be present acting as
the so-called weak link, that allows air to propagate from one conduit to another
(Wheeler et al. 2005; Jansen et al. 2009). Functionally, this implies that species with
narrow conduits should exhibit low specific conductivities but with the benefit of
greater cavitation resistance, while the opposite should be true in taxa with large,
hydraulically-efficient conduits (Brodersen et al. 2014). While this was found to be
true across tropical terrestrial ferns (Watkins et al. 2010), epiphytic taxa showed no
relationship between tracheid diameter, cavitation resistance and K, despite the
clear differences in conduit size (Figs. 1.8 and 1.10; Watkins et al. 2010).

It is not known whether all seed-free vascular plants recover from embolism but
desiccation-tolerant plants may hold some clues. Many species of ferns and lyco-
phytes have retained the ability to lose over 95 % of their water yet fully regain their
photosynthetic and metabolic activity within hours or days after re-watering (Proctor
and Tuba 2002). Poikilohydry is found in small plants such as bryophytes, seed-free
vascular plants, and even herbaceous angiosperms, but it is for the most part consid-
ered an ancestral trait (Proctor and Tuba 2002; Sperry 2003). However, selection
favoured the reversal from homoiohydry to poikilohydry in the filmy fern genus
Hymenophyllum insofar as members of this genus exhibit highly reduced xylem tis-
sue as well as pinnae that are only one cell thick with no stomata (Proctor 2012).
These delicate ferns measure less than 20 cm in height, so desiccation and recovery
represent a more adaptive strategy than homoiohydry. How the xylem refills in poi-
kilohydric ferns is unclear but desiccation-tolerant taxa such as Selaginella lepido-
phylla (Hook. & Grev.) Spring and numerous cheilanthoid ferns typically have
narrow xylem conduits so capillarity may be sufficient to drive hydraulic recovery.
Metabolically assisted refilling along the lines of Secchi and Zwieniecki (2011)
cannot as yet be ruled out. Given that S. lepidophylla has a weakly developed to
non-existent root system and still recovers from complete desiccation, root pressure
is unlikely to play a role in embolism reversal.

4.3 Ecological Fern Hydraulics: The Role of Polyploidy
in Fern Physiology and Hydraulics

No review of fern physiology would be complete without discussion of the role that
polyploidy and introgression play in shaping niche partitioning. Polyploidy is a
common phylogenetic occurrence across ferns (Manton 1950; Wood et al. 2009).
Ecologically, polyploidy in ferns is important as many of our modern temperate
landscapes are dominated by polyploid and/or hybrid ferns. In a recent community
survey of Dryopteris species in a mesic 20 ha plot at the Huyck Preserve in
New York, 80 % of species encountered were either polyploids or hybrids, and
85 % of the individuals encountered fell in this category (Watkins unpublished
data). Polyploids, especially those of recent origin, can be constrained during
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reproduction for lack of compatible cytotypes (Levin 1975). In theory, this could
result in reduced matings relative to parents. Yet, polyploids persist and often come
to dominate in some cases (but see Buggs and Pannell 2007). One potential mecha-
nism of this maintenance is ecophysiological niche differentiation across ploidy
levels. If polyploids are more physiologically capable (e.g. greater hydraulic con-
ductance, higher photosynthetic rates and increased spore production) than diploids,
the former could attain an equal or greater ecological footing (DeBodt et al. 2005;
Fawcett et al. 2009; Coate et al. 2011; Testo et al. 2014). Whereas some studies have
shown this relationship (e.g. Kao and Parker 2010; Warner and Edwards 1993; Li
et al. 1996, 2009), others have found no differences or the opposite pattern (e.g.
Baack and Stanton 2005). Our understanding of how physiological differences
relate to ploidy is limited. One of the most thorough efforts to date has been Sessa’s
(2012, 2014) work on the genus Dryopteris. In a series of studies the authors found
that allopolyploids were frequently transgressive in field ranges, yet they failed to
find any relationship of carbon relations with ploidy and no evidence of introgres-
sion in physiological characters in allopolyploid hybrids.

Some authors have speculated that xylem attributes vary with plant ploidal lev-
els. Stebbins (1971) observed that cell size increases with ploidy, and Pockman and
Sperry (1997) suggested that ploidy-driven differences in vessel size may drive
population distributions of Larrea tridentata in the American southwest. Hence, a
priori predictions are that the xylem of polyploid ferns will comprise wider and
longer conduits that are more likely to lead to higher transport rates. Ferns may be
the ideal system in which to study the hydraulic consequences of polyploidy, and
recent studies by Watkins (unpublished data) have examined xylem structure and
function in the wood fern Dryopteris, acommon genus in temperate North American
forests. The genus comprises 11 species that include six diploid taxa and five allo-
polyploid taxa that vary in ploidy. In a survey of tracheid lengths from herbarium
sheets of ten taxa (69 individuals each), there was a general increase in length with
ploidal level (see tracheid length in Fig. 1.9a). Diploid species and triploid hybrids
produced similar tracheid lengths while tetraploids, pentaploids and hexaploids
were significantly longer (Fig. 1.9a). In an effort to evaluate the association of
hydraulics with ploidal level and/or parent:hybrid relationships, Watkins surveyed
xylem conductance in five taxa in northern regions of New York state. Dryopteris
cristata (4n) hybridizes with D. intermedia (2n) to produce the 3n D.xbootii.
Dryopteris intermedia also hybridizes with 4n Dryopteris carthusiana to produce
another sterile hybrid, 3n D.xtriploidea. K, was evaluated across parents and
hybrids and D. x bootii was significantly higher and thus transgressive in K relative
to either parent (see K; in Fig. 1.9b), Dryopteris x triploidea had similar values of K
to both parents. Curiously, Dryopteris x bootii tends to be quite rare and frequently
limited to wet swampy sites; whereas D. X triploidea can be abundant in some for-
ests and in this upstate New York site was more common than 4n D. carthusiana.
The mechanism controlling the distributions of hybrids and diploid/polyploidy
ferns is unknown, yet the data presented here suggest that greater exploration of the
role of ploidy and hybrid origin is warranted.
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4.4 Comparative Hydraulics of Epiphytic and Terrestrial Ferns

Our understanding of fern ecology has grown significantly in recent years (Ranker
and Haufler 2008; Mehltreter et al. 2010). Of particular interest in the study of fern
biology are the functional differences between epiphytic and terrestrial ferns (Hietz
and Briones 1998; Watkins and Cardelus 2012, 2009; Watkins et al. 2007a, b, c).
Like many other lineages, ferns experienced a major radiation following the
Cretaceous. A significant proportion of the diversity of this radiation is of epiphytic
ferns that rapidly entered the novel angiosperm-dominated canopy (Watkins and
Cardelus 2012 and references therein). Comparative studies of both gametophytes
and sporophytes of epiphytic and terrestrial ferns have revealed unique suites of
functional characters associated with each group. Watkins et al. (2007a, b) have
shown that the gametophytes of epiphytic ferns are significantly longer lived, are
less likely to recruit from the gametophyte stage into the sporophyte stage and are
more stress tolerant than terrestrial species (Watkins et al. 2007a; Pittermann et al.
2013). Studies on comparative sporophyte hydraulics have shown that epiphytic
ferns have significantly reduced leaf and xylem K and increased Ps, values relative
to terrestrial species. Watkins et al. (2010) and Watkins and Cardelus (2012) have
suggested that increased Ps, values may have come at the expense of hydraulic con-
ductivity, and that the reduced stipe lengths commonly observed in epiphytic ferns
may be a direct response to reduce path lengths to water movement. A survey of
total vascular area in the stipes of several tropical species of terrestrial, epiphytic,
root climbing and hemiepiphytic ferns shows that terrestrial species produce more
total vascular area than other growth forms and that epiphytic species produce the
least area. This pattern holds when total leaf area is taken into account. These data
suggest that significant and unappreciated gross differences exist in the vascular
system of different fern growth forms.

Diameter measurements of hundreds of individual tracheids from more than two
dozen species reveal a fundamental difference in the frequency of tracheid size
classes (see Fig. 1.10). Epiphytic and hemiepiphytic species have similar tracheid
diameter distributions with a broad normal distribution with many small diameter
tracheids (Watkins, unpublished data). On the opposite end of the spectrum, terres-
trial species can be characterized by having relatively few tracheids with small
diameters and large proportion of conduits with large diameters. On average, ter-
restrial species produced individual tracheids that were twice as large in diameter
compared to epiphytic species (Fig. 1.10). Whereas pit membrane attributes play a
critical role in cavitation resistance, reduced pit area, and thus small-diameter tra-
cheids, have been shown to limit the spread of air from one conduit to another
(Brodersen et al. 2014). The epiphytic habitat in the canopy is frequently drought
stressed, and such conditions could select for reduced tracheid diameters in an effort
to avoid cavitation. The four hemiepiphytic species surveyed were all primary, as
defined by Canestraro et al. (2014), establishing first as epiphytes and then connect-
ing and never losing connection to the forest floor. These four species had similar
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diameter distributions as epiphytic taxa, yet all fronds sampled were from mature
individuals that were rooted in the terrestrial soil matrix.

Earlier isotopic and nutrient analyses suggest that both water and nutrient rela-
tions in hemiepiphytic ferns are more similar to terrestrial than epiphytic species
(Watkins et al. 2007¢). Based on phylogenetic evidence, hemiepiphytic species can
arise from terrestrial, epiphytic or terrestrial root-climbing ancestors. Terrestrial
root-climbers are outwardly similar to hemiepiphytes (in fact this group is fre-
quently misidentified as hemiepiphytes) but never lose terrestrial connections
(Canestraro et al. 2014). These species were more similar to terrestrial species than
hemiepiphytic taxa. Interestingly, Canestraro et al. (2014) have recently shown
that photosynthetic rates can vary between terrestrial and climbing stages of some
root-climbers, yet not in others. There is a need to understand better the changes in
functional anatomy and ecophysiology across taxa that change life forms. Such
information will be critical in our quest to understand the evolution of epiphytic
ferns and the radiation of lineages into novel habitats. Our sampling is small and the
phylogeny of the surveyed species too poorly understood to make detailed categori-
zations. However, it is possible that hemiepiphytic species, even when derived from
terrestrial ancestors, are canalized in tracheid anatomy. The selective pressures
induced by drought may overwhelm pressures for increased growth and repro-
duction. Terrestrial root-climbers may gain the same benefit as hemiepiphytes
(i.e. increased height that results in exploration of higher light levels, increased
spore dispersal distances) without the added complexities of an epiphytic stage. Clearly
more work needs to be done on the comparative xylem anatomy of these taxa.

5 [Evolutionary Patterns in Fern Xylem Structure

Vascular arrangements in fern and lycophytes have fascinated botanists since the
nineteenth century and even today, variation in stelar patterns is useful for taxo-
nomic identification (Bower 1923; Ogura 1972). An interest in developmental pro-
cesses rather than functional attributes motivated earlier studies, but the desire to
document stelar structure in a broader evolutionary context (including fossil taxa)
was the common thread of Bower’s and Ogura’s discourses. Beck et al. (1982) con-
tributed a seminal paper that not only explored the known vascular arrangements of
stems and rhizomes across extinct and living land plants but also formalized stelar
nomenclature. When it comes to understanding the evolutionary and functional sig-
nificance of stelar structures, modern phylogenetic approaches allow us to build on
these contributions with greater resolution and thus extend the realm of possibili-
ties; we are now able to map structural and physiological attributes onto the fern
phylogeny to document whether stelar patterns originated independently in response
to common selective pressures, whether the observed arrangements appear ran-
domly or whether directional selection favoured specific phenotypes over others.
These evolutionary patterns are not mutually exclusive and separate clades may
reveal different trends.
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Here we have documented stelar patterns in frond petioles (stipes) from 182 fern
species. Cross sections were obtained from a variety of sources, including new
hand-sections from fresh or herbarium material, published sources such as Ogura
(1972) and Bower (1923), and online repositories (e.g. plantsystematics.org). From
these data, we identified a consensus stele type for each currently recognized family
and mapped this across the family-level phylogeny (see Fig. 1.11). Formal recon-
structions have yet to be conducted, but several key patterns emerge from this phy-
logenetic analysis.

First, it is evident that some of the early diverging families, such as Psilotaceae
and Equisetaceae, possess single vascular strands (protosteles) in their highly
reduced leaves, which are developmentally homologous with the fronds of higher
pteridophytes. The familiar Psilotum nudum stems also have protosteles but the
vascular arrangement in equisetalean stems appears to have undergone some degree
of duplication, as multiple strands of primary xylem and associated lacunae encircle
the stem cylinder. Plants are modular organisms, so duplication or extension of the
protostele may have also occurred in the Ophioglossaceae and Marattiaceae, lead-
ing to polycyclic steles in the latter (Schneider et al. 2002). Iteration of vascular
strands is consistent with the greater complexity of these two lineages: Ophioglossum
develops one lateral megaphyll while the polycyclic Marattiales develop multiple
fronds that may be up to five-pinnate. The Marattiales have some of the largest
fronds among the pteridophytes.

C-shaped vascular strands with variously curling ends are present in the
Osmundaceae, Gleicheniaceae, Dipteridaceae and Matoniaceae (Fig. 1.11).
Superficially these resemble an incomplete solenostele. As previously mentioned,
the Hymenophyllaceae have adopted a poikilohydric strategy and thus exhibit
highly reduced xylem. A return to a central, protostelic vascular strand is evident in
the schizaeoid clade, which includes the climbing Lygodiaceae, as well as the
Anemiaceae and Schizaeaceae. A cylindrical vascular bundle may be adaptive in the
Lygodiaceae because torsional and compressive stresses are more equally distrib-
uted than in an asymmetrical stele. As in the Hymenophyllaceae, minimized xylem
is evident in the aquatic ferns belonging to Marsileaceae and Salviniaceae that
require little or no water transport.

The mostly arborescent families comprising the tree fern clade (Thyrsopteridaceae,
Loxsomataceae, Culcitaceae, Plagiogyriaceae, Cibotiaceae, Cyatheaceae, Dickso-
niaceae and Metaxyaceae) are generally characterized by large fronds, and this is
reflected in their complex, often highly divided stelar structures that may resemble
folded ribbons. As in the Marattiaceaeles, the fronds are frequently highly divided
so the many iterative bundles of these distantly related lineages may represent con-
vergent evolution.

The steles of the early-diverging polypod families (Saccolomataceae,
Cystodiaceae, Lindsaeaceae, Lonchitidaceae, Dennstaedtiaceae and Pteridaceae)
are described generally as an omega shape, with some variation in the Cystodiaceae
and Lonchitidaceae. Several species with large, multi-pinnate leaves belong to the
Dennstaedtiaceae and Pteridaceae, so folded vascular ribbons are also present in the
petioles (Fig. 1.2e; Vasco et al. 2013). Fronds of some Pteridaceae such as the genus
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Fig. 1.11 Mapping petiole stelar types onto the fern phylogeny. The phylogenetic relationships
and classification presented outside of polypod ferns are based on Smith et al. (2006). Those within
eupolypods I follow Liu et al. (2014) and those within eupolypods II follow Rothfels et al. (2012).
Other relationships shown reflect those in Schuettpelz and Pryer (2009), with the classification
based on Christenhusz et al. (2011). Stelar types represent a consensus for each family from avail-
able cross sections. See text for details
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Pteris, can exceed 2 m in length but unlike the highly divided dictyosteles of simi-
larly sized tree fern fronds, Pteris petiolar steles are usually single stranded. The
recently discovered hybrid Pteris X caridadiae is an interesting exception because
its vascular strand is interrupted despite maintaining the overall omega shape of its
parent plants (Testo et al. 2015).

Distinct vascular patterns arise in the two most recently derived clades on the fern
phylogeny:  the eupolypods I (Hypodematiaceae, Dryopteridaceae,
Lomariopsidaceae, Nephrolepidaceae, Arthropteridaceae, Tectariaceae, Oleandra-
ceae, Davalliaceae, Polypodiaceae) and eupolypods II (Cystopteridaceae, Rhachido-
soraceae, Diplaziopsidaceae, Aspleniaceae, Hemidictyaceae, Thelypteridaceae,
Woodsiaceae, Athyriaceae, Blechnaceae, Onocleaceae). The steles in these groups
are dictyostelic as they always comprise at least two major vascular bundles. Several
smaller strands accompany the two large bundles in the eupolypod I lineage and in
the Blechnaceae of the eupolypod II clade (Figs. 1.2c, d and 1.11). So reliable are
these patterns that they are frequently used for the purpose of identification.

Understanding how selection acted on stelar patterns in ferns requires consider-
ation of paleoclimate change as well as biome assembly in tropical and temperate
regions. Recent phylogenetic approaches have revealed compelling trends in fern
diversity that largely point to the post-Cretaceous speciation and radiation of epi-
phytic taxa. Global climatic shifts may have contributed to this pattern: recent stud-
ies of adaptive radiations in monocot, succulent and arid-adapted conifer lineages
are consistent with Cenozoic aridification (Edwards et al. 2010; Arakaki et al. 2011;
Pittermann et al. 2012). However, equally relevant are several analyses that suggest
diversification of fern epiphytes occurred in response to the expansion of complex,
angiosperm-dominated forests (Schneider et al. 2004; Schuettpelz and Pryer 2009;
Watkins and Cardelus 2012). Release from competition on the crowded forest floor
and an increase in light availability may have driven the move to the canopy, but
selection for increased cavitation resistance (greater Ps), thicker leaf cuticles, and
desiccation tolerance in both sporophytes and gametophytes may have allowed epi-
phytic ferns to gain traction in what is generally a dryer and more climatically vari-
able habitat than in the understory (Watkins et al. 2007a; Dubuisson et al. 2009;
Schuettpelz and Pryer 2009; Watkins and Cardelus 2012). Although the speciation of
epiphytes stands out in the post-Cretaceous evolutionary trajectory of ferns, the con-
current diversification of eupolypod I terrestrial ferns also warrants a closer look; the
formation of temperate forests and drier biomes may have selected for specific phys-
iological attributes associated with greater drought tolerance in non-tropical taxa.

The exclusive presence of dictyosteles in the petioles of more derived fern lin-
eages suggests that xylem structure was under strong selection for drought resis-
tance during the Cenozoic. Sectored dictyosteles in the eupolypods I and II
comprise at least two vascular strands, sometimes more (Figs. 1.3 and 1.11). Wider
conduits occupy the larger strands, so a broad range of tracheid sizes would ensure
that alternative pathways for water movement are available should transport in one
of the large bundles be hampered by embolism (Brodersen et al. 2012). In contrast,
the mostly integrated C- or omega-shaped stelar arrangements in the early-derived
fern groups may increase the probability of air rapidly spreading throughout the
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xylem due to close contact between conduits. Selection for more numerous nar-
rower tracheids in epiphytic taxa would drive increased cavitation resistance due to
greater conduit redundancy but also because reduced pit area will lower the likeli-
hood of air-seeding (Wheeler et al. 2005; Christman et al. 2009; Brodersen et al.
2014). A broader sampling across the fern phylogeny is needed to gain a more
nuanced perspective on the evolution of xylem structure and function in ferns,
particularly those in the eupolypod I and II lineages.

Other vascular attributes may factor into the success of eupolypod ferns. In a
phylogenetically extended survey, Hernandez-Hernandez et al. (2012) indicated an
increased presence of the circumendodermal band in more derived ferns. Resembling
a thick casparian strip, this band encapsulates the xylem and phloem tissues
(Fig. 1.2b). A number of hypotheses have been proposed to explain the presence of
this structure. For example, this waxy layer may increase frond structural rigidity
(Hernandez-Hernandez et al. 2012), an important trait in many epiphytes in which
fronds are displayed at steep angles and vulnerable to damage by falling canopy
debris. Epiphytic ferns may also be capable of foliar water absorption, so biome-
chanical needs may trump xylem-mediated water transport in humid habitats. Foliar
absorption is a critical water-use strategy for plants in the redwood forest understory,
especially for P. munitum (Kaulf.) C. Presl which derives almost all of its water from
the frequent fog events that blanket the redwood forests of northern California
(Limm et al. 2009; Limm and Dawson 2010). The aggregate of vascular and leaf
traits that underpin the physiology of eupolypod ferns is a topic of much interest and
sure to reveal novel physiological and structural solutions to life in the canopy.

6 Concluding Remarks

There are many possibilities for research on the physiology, ecology, evolution and
paleobotany of seed-free vascular plants. At the organismal scale, it is not unreason-
able to propose that the absence of critical features such as bifacial vascular cambia
and lateral branching restricted the phenotypic diversity of ferns and lycopods.
Indeed, the body plan of seed-free tracheophytes couldn’t be more different than
that of eutracheophytes. Though incomplete, the fossil record shows this to be true;
with an arborescent canopy, ancient seed-free plants such as the progymnosperms
explored a broader morphospace than modern pteridophytes (Meyer-Berthaud et al.
1999, 2000). However, the limits and possibilities of phenotypic variation in ferns
have not been considered to the degree that they have in woody plants. For example,
Niklas’ adaptive walks through the plant kingdom mimic evolutionary processes,
and provide multiple morphological solutions that balance conflicting needs of
reducing surface area whilst enhancing mechanical stability, light capture, and
spore dispersal (Niklas 1992, 1999). The model relies on the predictable but spa-
tially variable bifurcation of branches such that model outputs result in highly vari-
able yet structurally conserved phenotypes, many of which closely resemble today’s
angiosperm and conifer flora (Niklas 1999). The branching assumptions would
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require adjustment to reflect growth patterns of modern ferns but the model does
provide a solid framework for coupling vascular anatomy with frond patterns in the
context of basic physiology and reproduction.

The interplay of form and function should not only be limited to extant taxa.
Michael Cichan’s work with woody Carboniferous plants was prescient; not only
was he able to infer developmental patterns of unifacial vascular cambia from fos-
sils, but he applied the standard Hagen—Poiseuille model of fluid flow to model
water transport in several groups of lianoid and arborescent plants (Cichan 1985a, b,
1986). Wilson and colleagues took this approach one step further by modelling
both transport efficiency and cavitation resistance in a range of taxa including
Asteroxylon mackiei (see illustration in Fig. 1.6) and Medullosa, a Carboniferous
seed fern (Wilson et al. 2008; Wilson and Knoll 2010; Wilson and Fischer 2010).
Their models suggest that unusually wide and long conduits coupled with perme-
able membranes may have supported high conductivities in the woody Medullosa,
but by the same token, this suite of traits likely rendered these plants vulnerable to
cavitation. Judging by the anatomical similarity of their xylem, especially the bor-
dered pit structure, the progymnosperms such as Archaeopteris-Callixylon (see
micrographs in Fig. 1.7) may have had similar vascular physiology. New methods
such as X-ray synchrotron tomography have recently revealed the xylem and even
the inter-conduit pit structure of an early Devonian woody plant, showing conduits
in excess of 70 pm in diameter (Strullu-Derrien et al. 2014). The suggestion that this
ancient plant was vulnerable to embolism agrees with the opinions of Wilson
(2013), who proposed that high transport efficiency evolved many times over the
past 400 million years whilst cavitation resistance lagged behind. Testing this
hypothesis may mostly be a matter of locating appropriate fossil material since
technologies that improve specimen visualization are developing quite rapidly.

Seed-free vascular plants are highly diverse with respect to their ecology and
morphology so there is much to be learned about the ecophysiological attributes that
support this variation. There is little doubt that the dictyosteles of recently derived
eupolypod ferns were under strong selective pressures during the Cenozoic but a
thorough sampling regime will be necessary to uncover the tempo and evolutionary
trajectory of traits such as xylem area, tracheid size, vascular connectivity, cavita-
tion resistance and hydraulic efficiency. Additional measures of allometry, capaci-
tance, stomatal density and leaf venation patterns will greatly enhance our
understanding of how co-ordinated hydraulic function evolved in ferns and lyco-
phytes. An alternative and equally interesting possibility is that morphological
diversity is not the product of natural selection per se, but rather neutral state transi-
tions that confer neither a cost nor benefit to the plant. Fern sporophytes are incred-
ibly diverse with respect to size and shape, and given the co-occurrence of different
frond structures in similar habitats (Watkins et al. 2010; Vasco et al. 2013), the
physiological consequence of this variation may be subtle or nil. Instead, selection
for mechanical stability, spore dispersal, longevity, gametophyte biology, edaphic
type or other aspects of life history strategy may govern leaf shape (Creese et al.
2011; Watkins et al. 2007a, b, c; Pittermann et al. 2013). The physiological attributes
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of extant ferns and lycophytes should be well understood if we are to make any
reasonable inferences about the drivers of sporophyte evolution over deep time, but
the vasculature is but one element of a complex suite of traits that contribute to the
success of seed-free vascular plants.
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Chapter 2
The Hydraulic Architecture of Conifers

Uwe G. Hacke, Barbara Lachenbruch, Jarmila Pittermann, Stefan Mayr,
Jean-Christophe Domec, and Paul J. Schulte

1 Introduction

Conifers survive in diverse and sometimes extreme environments (Fig. 2.1a—f).
Pifion-juniper communities are found in semi-arid environments, receiving ca.
400 mm of yearly precipitation (Linton et al. 1998), which is less than half the
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Fig. 2.1 Conifers growing in diverse habitats. (a, b) Sequoiadendron giganteum in the Sierra
Nevada mountains of California (photos: B. Pratt). (¢) Pinus mugo, partly covered by snow, at the
timberline in Tyrol, Austria (photo: S. Mayr). (d) Pinus cembra at the alpine timberline in Tyrol,
Austria (photo: S. Mayr). (e) Boreal mixedwood forest near Whitecourt, Alberta (photo:
A. Schoonmaker). The teepee was constructed for a shading experiment. (f) Pinus sylvestris near
Bergen, Norway (photo: A. Jacobsen)
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average precipitations received by other coniferous tree species worldwide. Picea
mariana and Larix laricina grow in boreal peatlands where they face fluctuating
water tables and cold, often frozen soils (Lieffers and Rothwell 1987). Timberline
trees such as Pinus cembra experience short growing seasons and cope with frost,
winter desiccation, and mechanical challenges (Mayr et al. 2012) (Fig. 2.1c, d). The
Cupressaceae family is particularly diverse in terms of the morphology and habitat
preference exhibited by its members (Pittermann et al. 2012). While Taxodium dis-
tichum is adapted to water-logged soils, many Juniperus and Pinus species are
exceptionally drought tolerant. Conifers are “archetypical stress tolerators”
(Brodribb et al. 2012), and their xylem structure plays a key role in enabling them
to survive in stressful habitats. However, north temperate conifers can also occupy
more favorable environments; for example, conifers are an integral component of
North American mixed eastern deciduous forests, and the Pacific Northwest land-
scape is characterized by Douglas-fir and old-growth conifer forests.

The water-conducting cells in the xylem of conifers are tracheids, which are
overlapping single-celled hollow conduits, closed at both ends. Water moves
through a tracheid’s lumen, then passes through a pit pair into the lumen of an adja-
cent tracheid. Relative to vessel-based xylem of the vast majority of angiosperms,
the conifers’ ancestral vascular system has been regarded as an Achilles heel that
limits the conifers’ physiological capacity for growth and competition (Bond 1989;
Brodribb et al. 2012). This is understandable: vessels are comprised of stacked,
single-celled vessel elements that can be wider than tracheids, such that maximum
hydraulic efficiency of angiosperm xylem can be one to two orders of magnitude
higher than that of conifers (Ewers 1985). However, when observed through the lens
of natural history, conifer xylem could hardly be called a handicap. Indeed, the
tracheid-based xylem structure of conifers supports the largest (Sequoiadendron
giganteum, Pseudotsuga menziesii) and tallest (Sequoia sempervirens) trees
(Fig. 2.1a, b). Bristlecone pine (Pinus longaeva) trees are among the oldest known
living eukaryotic organisms; several specimens still alive are well over 4,000 years
of age (Flanary and Kletetschka 2005).

In this chapter, our goal is to provide a synthesis of what we currently know
about the hydraulic architecture of conifers. In the last decade or so, much has been
learned about the ecophysiological processes in conifer taxa and how they relate to
xylem properties. In future years, we will likely expand our knowledge of topics
such as needle and fine root hydraulics, aquaporin function, and phloem transport.
While Arabidopsis thaliana and other herbaceous species will continue to be widely
used as model systems in molecular and developmental biology, it is clear that tall,
long-lived woody plants face unique challenges in terms of water and assimilate
transport, biomechanics, storage, reproduction, and stress tolerance.

We start with information on how the xylem functions in stems, coarse roots, and
then briefly, in needles. The focus is on the structural means by which xylem trans-
ports water in conditions with plentiful water, drought, and freezing (Sect. 2).
The ecophysiology of a woody plant, however, results from the interaction of
the whole plant with the environment, as well as its growth and repair abilities.
We therefore review information on within-plant variation in xylem hydraulic
properties and link some of the relationships of hydraulic properties to a plant’s
physiological capabilities (Sect. 3).
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2  Conifer Xylem and How It Works

2.1 Tracheids: The Conduits for Water Transport

While fiber tracheids and libriform fibers provide structural support in angiosperm
xylem, conifer xylem lacks fibers so the tracheids must play a dual role in both
transporting water to the canopy, and physically supporting it. More than 90 % of a
conifer xylem cross section consists of tracheids (Fig. 2.2a, b). Schulte (2012b)
estimated that there is a total number of ~500 million tracheids in the trunks of
young Douglas-fir trees. In terms of cell types, conifer wood may therefore appear
simple in structure. Closer inspection, however, reveals much variation in cell
dimensions, wall thickness, pit structure, and other structural features within a cross
section, as well as variation in the ultrastructure of the cell wall itself. Depending on
developmental constraints and according to hydraulic and biomechanical tasks, the
morphology of tracheids varies considerably, and this variation has direct implica-
tions for transport safety and efficiency.

Fig. 2.2 Cross sections
showing branch xylem of
Widdringtonia
cedarbergensis (a) and
Taxodium mucronatum (b).
W. cedarbergensis is a xeric
species. Its xylem is
extremely resistant to
cavitation and is
characterized by narrow,
thick-walled tracheids.

T. mucronatum, by contrast,
is primarily a riparian tree.
Tracheids are wider and less
reinforced than those of

W. cedarbergensis. Scale
bars =100 pm. Photos:

J. Pittermann
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2.1.1 Tracheids and Xylem Structure

Tracheid diameters usually vary between 5 and 80 pm (Tyree et al. 1994; Linton
et al. 1998; Pittermann and Sperry 2003; Wilson and Knoll 2010, their Table 1;
Schulte 2012b; McCulloh et al. 2014). Diameters tend to be smaller in twigs than in
trunks and roots (Bannan 1965; Dunham et al. 2007; Domec et al. 2009). Tracheid
diameter is limited by at least two factors. Their tangential expansion during devel-
opment is likely limited by the width of fusiform initials. Tracheids are formed side
by side tangentially. Developing vessel elements, by contrast, can expand at the
expense of adjacent fibers and axial parenchyma cells. An indirect limit on tracheid
diameter relates to the fact that tracheids, being unicellular, are limited in length. If
conduits cannot increase in length as they increase in diameter, their hydraulic con-
ductivity (for a definition of hydraulic conductivity see Tyree and Ewers 1991) will
eventually stop increasing (Sperry et al. 2006). For a maximum tracheid length of
5 mm, the model of Hacke et al. (2004) predicted no further increase in tracheid
conductivity for an increase in diameter beyond approximately 70—80 pm, which is
also close to the observed limit of tracheid diameters.

Tracheid length is usually less than 5 mm (Bannan 1965; Sperry et al. 2006;
Dunham et al. 2007; Domec et al. 2008; Schulte 2012b). Longer tracheids are asso-
ciated with wood that has both higher hydraulic efficiency and higher mechanical
properties such as bending strength (Rundel and Stecker 1977; Domec and Gartner
2002a; Rosner 2013), but the relationship with mechanical properties is driven by
differences in cell wall properties that are usually associated with cells in positions
where cells are longer, and not related to cell length per se (Lachenbruch et al. 2011).

Tracheid length may reflect the length of the fusiform initials in the cambium,
but that is unclear. In a typical angiosperm or gymnosperm, xylem cell lengths
increase asymptotically along a transect outward from the pith (Panshin and Zeeuw
1980). This relationship, however, is not seen in several circumstances (e.g., roots
of Pseudotsuga menziesii, Peterson et al. 2007), suggesting that the length of
cambial initials does not have total control over tracheid length. The relatively short
and narrow tracheids found in extant conifers contrast with the tracheids belonging
to Medullosa, an extinct, Carboniferous seed fern with a putatively upright habit,
similar to modern tree ferns (Taylor et al. 2009). Medullosan tracheids measured up
to 28 mm in length and commonly exceeded 150 pm in diameter (Wilson et al.
2008; Wilson and Knoll 2010). These enormous tracheids in the extinct seed fern
suggest that short, narrow tracheids in stems of extant gymnosperms are not merely
a reflection of developmental constraints, but that tracheid dimensions are under
selection for both hydraulic and structural performance. Indeed, the stem tracheids
of the late-Devonian pro-gymnosperm Archaeopteris bear this out. Fossils show
this spore-bearing tree to be a hybrid of conifer and fern attributes whereby the
trunk exhibits conifer like, pycnoxylic xylem that supports a canopy of fern-like
leaves (see Chap. 1). As in extant conifers, stem tracheids are on average narrower
than 30 pm, thereby reflecting the support function, whilst root tracheids frequently
reach diameters in excess of 40 pm (Domec et al. 2009, Pittermann, unpublished
data). Interestingly, tracheids in fern primary xylem can also be much longer and
wider than tracheids of conifers (see Chap. 1), which is presumably possible because
fern tracheids play little role in mechanical support of the plant.
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As stated above, a volume of coniferous wood is typically about 90-93 % tra-
cheids (Panshin and Zeeuw 1980); the remaining 7-10 % is parenchyma. In contrast
to the tracheids, most parenchyma cells maintain their nuclei and cytoplasm until
the cells die, at heartwood formation. A characteristic feature of conifer wood is the
relatively small amount of parenchyma, particularly axial parenchyma (Evert 2006),
compared to the angiosperms, which can have well over 50 % of their xylem vol-
ume as parenchyma (although 10—40 % is more typical for commercial temperate-
zone hardwoods, Panshin and Zeeuw 1980). The exact function of axial and ray
parenchyma is not entirely understood, but they certainly have roles in the transport
of chemical signals and other constituents and may contribute to the reversal of
embolisms, heartwood formation (Dellus et al. 1997; Taylor et al. 2002; Spicer
2005), and both inducible and constitutive defense. In-depth information can be
found in Chap. 8. Xylem parenchyma has three forms in coniferous wood: axial
parenchyma, radial (ray) parenchyma, and, in some species, epithelial cells (the
cells surrounding resin canals that produce the resin that helps plants defend against
biotic agents after injury). We have only rudimentary understanding of the three-
dimensional configuration of the parenchyma cells network; in fact, LaPasha and
Wheeler (1990) report the unexpected finding that the epithelial cells do not appear
to have symplastic connections between the radial and the axially oriented resin
canals. Ray parenchyma is in contact with phloem tissue (Fig. 2.3a, b) and thus
provides a means by which materials in the phloem can move into the xylem and
vice versa. Aquaporin water channels are expressed in ray parenchyma cells
(Fig. 2.3a—c), which may facilitate water exchange between ray cells and between
rays and axial tracheids. Curiously, only a subset of the conifer species have normal
resin canals (those not formed by trauma), and most of these species also have a
feature called a ray tracheid, which is a dead cell within the ray that somewhat
resembles an axial tracheid in that it has bordered pits, but that has not been shown
to transport water (Barnard et al. 2013).

2.1.2 Tracheids and Specific Conductivity

The longer conduits are for a given diameter, the farther apart the end walls are and
the less they contribute to the total flow resistance. Examining root and stem wood
from 19 conifer species belonging to the Pinaceae, Cupressaceae, Podocarpaceae,
and Araucariaceae, Pittermann et al. (2006a) found that total tracheid resistivity was
nearly equally divided between lumen and pit, with the passage through the pits
contributing approximately 64 % to the total tracheid resistivity. Remarkably, the
limitation to hydraulic efficiency caused by passage through the pits was indepen-
dent of tracheid size in the conifers surveyed. This was associated with proportion-
ality between tracheid diameter and length. The observed tracheid diameter versus
length allometry appeared to optimize hydraulic efficiency (Pittermann et al. 2006a).

Mean conduit diameters usually vary significantly between conifer stems and coni-
fer roots, and between conifer stems and angiosperm stems (Fig. 2.4a). Samples were
typically 8-12 mm in diameter and mostly represented juvenile xylem. Conifer
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Fig. 2.3 In situ mRNA hybridization of the aquaporin gene PgPIP1;2 in cross sections of a white
spruce (Picea glauca) twig. Sections were hybridized with DIG-labeled antisense PgPIP1;2 RNA
probes (a, b) as described previously (Laur and Hacke 2014). A negative control hybridized with
DIG-labeled sense probe is shown in (c). Regions of aquaporin expression are indicated by dark
purple staining. The gene was expressed in xylem rays, the cambial region (arrows), the phloem,
and in other cortex cells. No staining was found in the negative control. p phloem, pi pith, x xylem.
Asterisks mark resin ducts. Bars in (a) and (¢)=100 pm, bar in (b)=200 pm. Photos: J. Laur

species were from Pinaceae, Cupressaceae, Podocarpaceae, and Araucariaceae. The
angiosperm species were eudicot shrubs, trees, and vines from numerous North
American habitats and taxa. Conifer stems (mostly branches) had by far the narrowest
conduit diameter range. While the median conduit diameter of angiosperm stems and
conifer roots was similar, some ring-porous trees and vines had conduits that were
much wider than those of conifers (note the log-scale).

Differences in conduit diameter have consequences for transport efficiency, and
xylem efficiency in return impacts water supply to the leaf and stomatal conduc-
tance (Pittermann et al. 2012). In the data set shown in Fig. 2.4b, vines and some
conifer roots exhibited the highest xylem area-specific conductivities. Remarkably,
the median xylem area-specific conductivity at full saturation (Kg,,) of conifer
roots was higher than in the other groups. This is explicable in the light of highly
conductive pits and the fact that a large fraction of conifer wood is occupied by
conduits owing to the double role of tracheids in transport and mechanical support
(Sperry et al. 2012). For a given mean conduit diameter, conifer xylem has slightly
higher conductivities than angiosperm xylem in which vessels are dispersed in a
fiber-parenchyma matrix (Sperry et al. 2006, their Fig. 3B).
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Fig. 2.4 (a) Box plots of mean conduit diameters and (b) xylem area-specific conductivity (Kp..)
of conifer stems, conifer roots, and angiosperm stems. The ends of the boxes define the 25th and
75th percentiles. The middle line in the boxes represents the median. The error bars (whiskers)
define the 10th and 90th percentiles. Outliers beyond the whiskers are individually plotted as cir-
cles. The data is for flushed samples that were at least 14 cm in length, and was taken from various
publications (Hacke et al. 2006; Pittermann et al. 2006a; Hacke and Jansen 2009; Schoonmaker
et al. 2010; Schreiber et al. 2011)

However, vessels can achieve greater maximum diameters than tracheids, which
can ultimately provide greater conductivity per xylem area. Tropical trees reach the
greatest maximum transport per stem cross-sectional area since they can combine
large vessels with large sapwood areas (Sperry et al. 2012). Nonetheless, in habitats
where vessel diameter is constrained by freezing and/or drought stress, both xylem
types should exhibit similar Kj,,x values, and this may help conifers compete with
angiosperms (Pittermann et al. 2005; Sperry et al. 2008).
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2.2 Bordered Pits: The Tracheid-to-Tracheid Valves
Jor Water Transport

Because water transport relies on the movement of water under tension (negative
hydrostatic pressure), the introduction of gas would result in a breakage of the water
column. Therefore, there must be very strong selective pressure for avoiding the
breakage of the water column by gas in the tissues (e.g., earlywood) through which
transport is needed. Coniferous pits are elegant structures that permit water move-
ment from one cell to another, whilst protecting the cells from air entry in case an
adjacent tracheid is gas-filled (see below). Coniferous bordered pits are circular
perforations in the tracheid cell wall, paired with a coincident perforation on the
adjacent tracheid (and so technically, they are considered as pit pairs). The volume
between the two borders is called the pit chamber. The perforation is covered with
a torus—margo pit membrane (Fig. 2.5a—d). The number of bordered pits within one
earlywood tracheid can vary from approximately 15 to >100 (Evert 2006;
Schoonmaker et al. 2010; Schulte 2012b). Pit pairs are largely confined to the radial
walls, suggesting a relative ease of water-sharing in the tangential direction around
a stem, as opposed to the radial (between growth rings) direction. Pit pairs are most
abundant near the tips of the tracheids, which appears to limit the loss of flow resis-
tance across the entire cell (Aumann and Ford 2002). While narrow tracheids have
only one row of inter-tracheid pits, wide tracheids (e.g., in roots) often have two
rows of pits. Two pit rows may connect a tracheid with two distinct tracheids or just
one adjacent conduit (Schulte 2012b). Details of how pits are formed are provided
in Chap. 3. The structure and function of these pits represents a unique compromise
between requirements for efficient water transport and the need to prevent spread of
air from embolized tracheids (Pittermann et al. 2005; Domec et al. 2008). Since
tracheid length is limited, pit characteristics are a major determinant of tracheid and
whole xylem hydraulic conductivity.

In the center of the pit membrane is a thickened, approximately circular torus,
which is impermeable to water. The torus is surrounded by a porous membrane
region called the margo, which provides passage for water. When two adjacent tra-
cheids are water-filled, the torus is centrally located in the pit chamber (Fig. 2.6a),
allowing water flow between tracheids through the pores of the margo, as influ-
enced by passive movement according to the pressure gradients. Should an air bub-
ble enter one of the tracheids, the membrane will move according to the pressure
gradient, such that the torus will block the aperture in the pit border (Fig. 2.6b). This
state is called pit aspiration.

Across species and plant organs (roots and stems), pit membrane diameter scaled
linearly with both torus and aperture diameters (Fig. 2.7). In Pinaceae species, the
torus represented 45—49 % of the pit diameter (Hacke et al. 2004; Domec et al.
2006; Hacke and Jansen 2009). In tall trees, this ratio may vary with height. The
tight scaling of pit dimensions is likely to have important functional implications.
Conifers have circular bordered pits, and the valve, consisting of the torus and
margo, works well to seal such pits. Angiosperms, in contrast, have a much wider
range of pit shapes, including the extreme, the scalariform pit, which is relatively
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Fig. 2.5 Scanning electron microscopy images showing torus—margo pits of lodgepole pine
(Pinus contorta) stems. Samples were taken from open-grown (a—c) and shaded (d) trees as
explained in Schoonmaker et al. (2010). The images represent a continuum of margo porosities.
Some pits have a dense margo with small pores, particularly near the edge of the membrane (a)
while other pits have few margo “spokes” and large pores between the margo fibrils. The latter was
particularly frequent in shaded trees (d). Bars=1 pm. Images: A. Schoonmaker and G. Braybrook

long and narrow. Although there are tori or pseudotori in some angiosperm species
(for details, see Chap. 3), these pits lack the highly conductive margo portion and
are not at all like those of conifers in conductive ability (Carlquist 2012).

In many cases, the pit membrane can rebound from an aspirated position. This
capacity is a prerequisite for the recovery of hydraulic conductivity after embolized
tracheids have been refilled. In Picea abies, very close agreement has been found
between the amount of winter embolism (expressed as percent loss of hydraulic
conductivity, PLC) and the ratio of aspirated versus open pits (Mayr et al. 2014).
Nearly one-half of all inter-tracheid pits were closed in January and opened as PLC
decreased and conductivity was reestablished in spring.

The valve action of torus—margo pits also appears to facilitate embolism repair
when the transpiration stream is under tension (Mayr et al. 2014). Under these con-
ditions, refilling in individual tracheids may only be possible if these conduits are
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Fig. 2.6 Transmission electron micrographs of pit membranes in roots of Picea glauca. The mem-
brane is relaxed (a) or aspirated, blocking the aperture (b). Bars=1 pm. From Hacke and Jansen (2009)
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Fig. 2.7 Torus (triangles) or pit aperture (circles) diameter versus pit membrane diameter for root
and stem tracheids. Measurements were either done on surface views of pits (closed symbols and
solid lines) or on cross sections of pits (gray symbols and dashed lines) as explained previously
(Hacke and Jansen 2009). The regression lines are shown for pooled stem and root data. The data
were taken from three boreal conifer species (Abies balsamea, Picea glauca, and Picea mariana).
From Hacke and Jansen (2009)
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hydraulically isolated from the transpiration stream (Zwieniecki and Holbrook
2009). Otherwise, any drop of water exuded into a refilling conduit would immedi-
ately be pulled out by surrounding water columns under tension (Holbrook and
Zwieniecki 1999). Conifer pits efficiently seal off empty from functional tracheids
as long as the pressure difference across pits is lower than the cavitation threshold
(see Sect. 2.2.1). This mechanism will isolate tracheids during refilling and dissolu-
tion of entrapped gas in the growing water films. When refilling of a tracheid is
completed, the equilibration of the tracheid’s water potential with surrounding
water columns may then cause all pits to open simultaneously.

2.2.1 Pit Structure and Vulnerability to “Air-Seeding”

While the valve action of a bordered pit pair creates a seal that prevents the spread
of gas from an embolized tracheid to the functional, water-filled tracheids, the seal
will fail when the pressure difference across the pit membrane exceeds the “air-seed
pressure,” at which air leaks past and nucleates cavitation in the adjacent tracheid
(Hacke et al. 2004, their Fig. 1C; Domec et al. 2008). Available evidence suggests
that beyond this air-seed pressure, failure of the valve occurs when the torus is dis-
placed from its sealing position, exposing pores in the margo through which gas
enters the water-filled tracheid (Sperry and Tyree 1990; Domec et al. 2006). How
can differences in cavitation resistance between species and plant organs be
explained in the light of pit structure?

Based on the sealing function of the torus, we expect that the size of the torus
relative to the pit aperture impacts cavitation resistance. A torus too small for a
given aperture diameter may result in greater vulnerability to air-seeding. A torus
wider than the optimum reduces margo area and conductivity. One may therefore
hypothesize that there is an optimal range of “torus overlap.” The term torus overlap
may be defined as the fraction of the pit border that is covered by the torus [(D,—D,)/
(D, —-D,)], where D,, D,, and D,, are torus, aperture, and pit membrane diameter,
respectively. Reported values of torus overlap are between 0.21 and 0.38 (Hacke
et al. 2004; Hacke and Jansen 2009).

Torus overlap can also be quantified by using the D/D, ratio (Domec et al. 2008).
When D, and D, were measured in Douglas-fir trees along a height gradient of 85 m,
striking trends were found. While D, remained relatively unchanged (Fig. 2.8a), D,
decreased significantly with increasing height (Fig. 2.8b). As a result, there was an
increase in the D/D, ratio with increasing height in both trunk and branch tracheids
(Fig. 2.8¢c). Higher D/D, ratios mean that the pit can sustain a greater pressure dif-
ference between an embolized and a water-filled tracheid (AP); however, smaller
aperture diameters come at the expense of a decline in hydraulic conductivity
(Domec et al. 2008).

In 15 species of Cupressaceae, the D/D, ratio also showed a strong relationship
with cavitation resistance (expressed as the xylem pressure inducing 50 % loss of
hydraulic conductivity, Psy). The D/D, ratio was mainly determined by variation in
D,, which decreased nearly twofold with more negative cavitation pressures
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(Pittermann et al. 2010). Lower D, was also observed at higher elevation in Picea
abies, which is exposed to increasing frost near the timberline (Mayr et al. 2002).
Finally, a recent survey reported that torus overlap increased with increasing cavita-
tion resistance (Bouche et al. 2014). Available data from Pinaceae and Cupressaceae
therefore indicate that torus overlap is a key determinant of cavitation resistance,
and that it is largely driven by variation in D,.

Aside from torus overlap, cavitation resistance is potentially impacted by a wide
variety of other structural pit features. To name a few, torus extensions, torus thick-
ness/flexibility, the presence of pores in the torus, margo properties, the distance the
margo must stretch to reach the aperture, and the surface properties of the torus and
the internal side of the pit border (smooth or rough surface) have all been implicated
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Fig. 2.9 Vulnerability curves showing the percentage loss of hydraulic conductivity as a function
of xylem pressure for roots (S small 1.6-4.1 mm diameter; M medium 4.2-6.4 mm diameter; L
large 8.2—-13 mm diameter) and stems of Pinus taeda trees growing in sand (open symbols, dashed
lines) versus loam (solid symbols and line) soil. Means and standard errors are shown for segments
from six trees per site. From Hacke et al. (2000)

in potentially affecting air-seeding (Hacke et al. 2004; Cochard et al. 2009; Hacke
and Jansen 2009; Delzon et al. 2010; Schoonmaker et al. 2010; Jansen et al. 2012;
Bouche et al. 2014; Plavcova et al. 2013). However, some reports are contradictory
(e.g., regarding torus thickness and torus extensions), and it is not always clear
whether observed correlations reflect causal relationships. Nonetheless, neither
torus extensions nor punctured tori appear to be rare phenomena across Pinaceae
species, and it has been hypothesized that such “irregularities” in pit structure can
have substantial influence on cavitation resistance (Plavcova et al. 2013). While
punctured tori appear to be associated with increased vulnerability to cavitation
(Jansen et al. 2012), the impact of torus extensions on AP may be species-specific
(Pittermann et al. 2010; Schoonmaker et al. 2010).

The xylem of conifer stems typically shows sigmoidal vulnerability curves with a
well-defined and highly reproducible cavitation threshold (Fig. 2.9). This may in part
be explained by the fact that earlywood tracheids, which contribute to most of the
water flow within a ring (Domec and Gartner 2002b) are relatively uniform in terms
of size and hydraulic properties compared with a typical population of vessels in an
angiosperm stem. Assuming that cavitation resistance is to a large extent determined
by pit structure, one may conclude that pit structure in earlywood tracheids is also
fairly homogeneous, at least in terms of the structural features of pits that relate to
AP. This conclusion is consistent with the tight scaling of D,,, D,, and D, (Fig. 2.7),
but it seems inconsistent with the astonishing variability in margo porosity (Fig. 2.5a—d)
and the seemingly random occurrence of features like torus extensions and torus
pores that can be observed even within an axis. This could either mean that these
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features have only minor impact on cavitation resistance or it may be an indication
that cavitation resistance is not as much determined by torus and margo structure as
previously thought. Cavitation is therefore probably not a direct consequence of the
rupture of the margo strands or when air is sucked through the margo pores, but rather
related to the capacity of the torus to stay in place when aspirated. These minute
mechanical pit features may contribute to the stochasticity of the cavitation response
in conifers, and probably reflect some degree of variation associated with wall diges-
tion during tracheid development. The available evidence indicates that selection has
favored adjustments in torus thickness, torus diameter, and aperture diameter in a
predictable direction that balances cavitation resistance with efficient water flow.

In latewood tracheids, air seeding appears to occur through margo pores without
torus aspiration (Domec and Gartner 2002b). Latewood is highly vulnerable to cavi-
tation at normal operating pressures, and may serve more in water storage than in
transport (Domec and Gartner 2002b; McCulloh et al. 2014). Similarly, compres-
sion wood, which has mainly mechanical function, also showed higher vulnerability
to drought-induced cavitation compared to opposite wood (Mayr and Cochard
2003).

2.2.2 Pit Structure and Hydraulic Conductivity

Many conifer trees attain impressive heights (Fig. 2.1b), despite the fact that tra-
cheids are only a few mm in length. Water would have to flow past a minimum of
7,500 pit pairs to get to the top of a 30 m tall tree if tracheids average 4 mm long and
water flowed from the tip of one tracheid into the base of the next. Such flow is pos-
sible because torus—margo pits are very efficient in terms of water transport (Hacke
et al. 2004; Pittermann et al. 2005, 2006a; Sperry et al. 2006; Domec et al. 2008).
What is it that makes these pits so efficient? As noted previously (and apparent in
Fig. 2.5), the conifer (torus—margo) membrane has much larger pores than does the
typical membrane in angiosperms (Pittermann et al. 2005; Choat et al. 2008; Choat
and Pittermann 2009). This porous nature of conifer pit membranes was suggested
a century ago in drawings by Bailey (1913). Estimates of the resistivity of the margo
in conifers fall within a range of 3- to 40-fold lower than found for the pit membrane
of angiosperms (Hacke et al. 2004). Choat et al. (2008) reviewed a large number of
angiosperm and conifer estimates, also showing a clear distinction in pit membrane
resistivity between conifers and angiosperms despite considerable variation.
Modeling studies of flow through conifer pits using a computational fluid dynam-
ics approach (Lancashire and Ennos 2002; Schulte 2012a) can help to distinguish
resistance components attributed to various pit structures such as the pit aperture,
and the two components of the membrane: the torus providing an obstruction to
flow across the pit membrane and the margo. In a study of pits in Picea mariana
(Schulte 2012a), the margo contributed the majority of the resistance in the modeled
pit from a sun-grown tree (63 % of pit resistance). But in the shade-grown case, the
margo contributed only 38 % of the total pit resistance. The differences appeared to
be due to the presence of wider pores in the shade pit, suggesting that considerable
variation in the pit membrane component of resistance is likely to occur among
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Fig. 2.10 Modeling of pits in Picea mariana stems. The left image shows an SEM view of a pit
membrane (torus and margo) where the pore edges have been drawn as polygons in AutoCAD for
import into the fluid dynamics model. The right image shows results from the model solution,
whereby the color scale (0—7 mm/s as red) shows flow velocity within the margo pores. See Schulte
(2012a) for details

conifers. Model solutions can be used to estimate the flow rate through individual
pores (Fig. 2.10) and the total contribution to flow of each margo pore. Although the
wide pores are much fewer in number than narrow pores, they are more significant
for flow: for the pits modeled, only a few percent of the margo pores accounted for
nearly half of the total flow. As shown in Fig. 2.5a, b, there is a tendency for denser
margo structures at the edge of the membrane. Pores tend to be larger closer to the
torus, and this has implications for hydraulic conductivity. A characteristic of flow
through the margo pores (apparent in Fig. 2.10) is that flow tends to be greater
through pores at the inner edge of the margo adjacent to the torus. This suggests that
margo structure (the distribution of margo strands and pore size) might be some-
what optimized for providing high flow rate while also providing strength for
mechanical support of the torus.

Most of the work described above has been done on Pinaceae and Cupressaceae
species. However, not all conifers may demonstrate the functionality and selective
directionality of pit attributes that have been found in the north temperate conifers
(Pittermann et al. 2006a).

2.3 Freezing-Induced Embolism

Wide tracheids, such as those found in the riparian bald-cypress, Taxodium disti-
chum commit species to environments without freezing or water stress. Conduit
diameter determines vulnerability to freezing-induced embolism; conifers with
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narrow tracheids are better protected against freezing-induced embolism in cold
climates than trees with wider conduits (Pittermann and Sperry 2003). Indeed,
boreal latitudes, north-temperate treelines and high deserts such as those in the
south-western USA are dominated by members of the Pinaceae (Brodribb et al.
2012). Why are tracheids so advantageous in cold climates?

Freeze—thaw-induced cavitation is a process by which air-bubbles frozen in the
xylem sap expand during the thaw, and thus create an embolism in functional xylem
conduits. The process begins when during freezing, air is pushed out of the ice crys-
tal lattice, coalesced into bubbles and thus trapped in the frozen xylem sap (Sevanto
et al. 2012). During the thaw, as transpiration reintroduces tension into the water
column and the xylem regains functionality, the bubbles may either expand and fill
the conduit with a mixture of air and water vapor, or they may collapse, with air
redissolving back into the xylem sap. Which of the two options occurs is in large
part determined by the xylem tension during the thaw (P) and the dimensions of the
xylem conduits. Over two decades worth of research has shown that xylem conduit
dimensions are mechanistically related to species’ vulnerability to freeze—thaw cav-
itation (Ewers 1985; Davis et al. 1999; Pittermann and Sperry 2003).

The classic bubble-expansion mechanism rests on the relationship between Py
and the bubble pressure P*, which is the combined pressure of the surface tension
(?) and the air/water mixture (P,, assumed to be a relative 0 MPa) of a bubble in
liquid sap (Domec 2011). P* is directly related to the diameter of an air-bubble (D)
whereby

P =—41/D,+P, 2.1)

For a bubble to expand and nucleate cavitation, P, must be more negative than
P*, the bubble’s equilibrium pressure. Equation 2.1 reminds us that the larger the
bubble, the lower the P* and the greater the likelihood of bubble expansion under
mild P,. Accordingly, conifers with small tracheids were reported to be hardly
susceptible to freeze—thaw-induced embolism (Hammel 1967; Sucoff 1969; Sperry
and Sullivan 1992; Sperry et al. 1994; Davis et al. 1999; Feild and Brodribb 2001;
Feild et al. 2002).

Several studies have shown that species with large-diameter conduits are more
vulnerable to freeze—thaw-induced cavitation than those with narrower vessels or
tracheids. Presumably, this is because the size of the bubble is directly proportional
to the distance that the ice front must travel, so wider conduits lead to larger bub-
bles. This process is largely independent of conduit length. Angiosperms and coni-
fers with equal-diameter vessels and tracheids show similar losses in conductivity at
a given P, during the thaw. Indeed, conduits wider than 43—-44 pm will embolize
during a mild P, of —0.5 MPa (Davis et al. 1999; Pittermann and Sperry 2003).
However, this critical diameter is predictably reduced to values below 18 pm under
more negative thaw xylem pressures, which have been observed to vary between —1
and —4 MPa in nature (Pittermann and Sperry 2006 and literature cited therein).
Aside from Taxodium distichum and Pinus caribaea, few conifers have branch tra-
cheids that exceed 20 pm in diameter so they are well adapted to high-elevation
habitats and the north-temperate and boreal regions where freeze—thaw cycles are a
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seasonal, or even daily occurrence during the winter season (Feild and Brodribb
2001; Schoonmaker et al. 2010). Tracheids in roots may be above 40 pm in diame-
ter, but they are often insulated by soil and snow, and experience fewer freeze—thaw
events than stems.

Repeated freeze—thaw events in conjunction with drought may cause higher loss
of conductivity than single freeze—thaw events (Mayr et al. 2003a). Timberline coni-
fers are exposed to more than 100 freeze—thaw cycles per winter; these frost cycles
in combination with low water potentials cause up to 100 % loss of conductivity in
Picea abies and other species (Mayr et al. 2006). Embolism formation upon freeze—
thaw events amplified by drought stress was also reported in Pinus and Larix species
(Sparks and Black 2000; Sparks et al. 2001). It is still unclear if increasing conduc-
tivity losses on repeated freeze—thaw cycles reflect stochasticity of the underlying
bubble-expansion mechanism or if additional processes are involved. Ultrasonic
emission analyses indicate that cavitation events are already initiated during freez-
ing (Mayr et al. 2007; Mayr and Sperry 2010) and that minimal temperatures of a
frost cycle are of relevance for bubble formation (Charrier et al. 2014).

Freeze—thaw events can cause very complex hydraulic patterns in conifers as
observed at the alpine timberline: When the soil and/or trunk base are frozen, water
supply is blocked, which can last for months in extreme environments (Fig. 2.1c¢).
Evergreen conifers then have to keep stomata closed during winter and require a
cuticular protection which sufficiently minimizes water loss as long as water supply
is blocked (Michaelis 1934; Tranquillini 1976). However, overheating of needles,
limited cuticular maturation, ice blast, or insufficient stomatal closure cause a slow
but permanent and thus substantial decrease in water potential (Mayr et al. 2012). In
parallel, freeze—thaw events lead to a segmentation of the trees’ hydraulic system,
as frozen xylem sections separate needles from branches and branches from the
trunk. This segmentation changes in diurnal courses, so that timberline conifers
show complex and dynamic patterns in water potential which, in turn, influence the
formation of freeze—thaw-induced embolism (Fig. 2.11).

2.4 Phenotypic Plasticity

Much of the data discussed above refers to variation of traits across species. There
is less information on intraspecific variability of hydraulic traits. Chapter 4 describes
phenotypic plasticity with regards to hydraulic traits in Populus genotypes. How
much plasticity exists in conifer species? In a study on 12 Scots pine (Pinus sylves-
tris) populations sampled along a climatic gradient in Western Europe, variability
across sites was high for K, and leaf specific xylem conductivity (LSC), but not
for Ps,, midday water potential, mean tracheid diameter, and wood density
(Martinez-Vilalta et al. 2009). The stability of midday water potentials (isohydric
behavior) was a consequence of reducing the leaf-to-sapwood area ratio (A;:As)
with decreasing water availability, and possibly other factors. The study on Scots
pine could not resolve how much of the observed variability in hydraulic traits was
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Fig.2.11 Pattern in water potential during winter 2006 at the alpine timberline (2,035 m). Samples
(end twigs) were taken from north and south exposed branches of one Picea abies tree in February
as well as mid- and end of May and measured with the Scholander technique. Modified after Mayr
and Charra-Vaskou (2007)

genetic in origin or the result of phenotypic plasticity (Martinez-Vilalta et al. 2009).
Common garden experiments are useful in shedding light on this question.

Recent common garden experiments with interior spruce (Picea glauca and
Picea engelmannii) and lodgepole pine (Pinus contorta) seed sources studied varia-
tion in frost hardiness and seedling growth. Most of the trait variation existed within
populations. There was a remarkable degree of genetic diversity in the measured
traits, implying a high evolutionary capacity to adapt to new environmental condi-
tions (Liepe 2014). This is an interesting finding, and it raises the question how
much genetic diversity exists for key hydraulic and wood anatomical traits, such as
P, and mean tracheid diameter.

A study on eight populations of Pinus canariensis growing at two common gar-
den sites found considerable variability in Ps, and other traits, and this was largely
the result of phenotypic plasticity (Lépez et al. 2013). Variability in hydraulic traits
was also examined in six Pinus pinaster populations growing at a mesic and a xeric
site (Corcuera et al. 2011). Psy and K., were significantly lower in the xeric site,
and these shifts were mainly attributed to phenotypic plasticity. By contrast, wood
density was genetically controlled and was not affected by the growing conditions.

Substantial phenotypic plasticity in vulnerability to cavitation and other impor-
tant hydraulic traits was also found in other studies. For instance, loblolly pine
(Pinus taeda) trees growing on loam versus sand soil exhibited phenotypic plastic-
ity in Psy, root-to-leaf area ratios (Ag:Ar), and other traits (Hacke et al. 2000).
Another study on loblolly pine found that nutrient addition caused an over 50 %
reduction in Ag:A; relative to control trees (Ewers et al. 2000). Reduction in Ag:A;,
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was primarily due to a large increase in leaf area with improved nutrition. Changes
in Agx:A, are important, because they impact the potential for water uptake during
soil drought. Schoonmaker et al. (2010) studied hydraulic acclimation to shading in
four boreal conifer species. Open-grown and understory trees differed in many
wood anatomical and hydraulic traits. One of the most profound changes occurred
at the pit level. Shaded trees had, on average, larger pores in the margo than open-
grown trees (Fig. 2.5). More porous pit membranes compensated for narrower tra-
cheids in shaded trees, but also contributed to increased vulnerability to cavitation.

These studies suggest that conifers exhibit considerable potential for acclimating
to different environments. Changes may occur at various levels, from shifts in Ag:A;.
and A :A; ratios to microscopic changes at the pit level. However, the pifion mortal-
ity described in Sect. 3 indicates that there are genetically determined limits to
drought tolerance. While water loss can be regulated by the amount of leaf area and/
or via stomatal closure, the potential of xylem to become more resistant to drought-
induced cavitation during development appears to be rather limited. Limits to phe-
notypic plasticity may also constrain the height growth of giant conifers (Koch et al.
2004). To the extent that the water potential at the top of tall trees differs from the
potential at the base of the tree, plasticity in wood structure and function will be
required to adequately supply leaves with water.

2.5 Needle Structure and Water Movement in Needles

Needle architecture in conifers has been described as canalized and being limited in
venation patterns compared with angiosperm leaves (Brodribb et al. 2012). While
the diversity of venation patterns is limited, conifer needles are marvels in terms of
tissue complexity and longevity. Huber (1947) pointed out that we can find many
different cell types in a small cross section of a pine needle and viewed pine needles
as some of the most complex structures in all of plant anatomy. Many structure—
function relationships related to water and assimilate transport remain to be
explored. In Pinus longaeva, needles remain alive on branches for 30 or more years.
With advancing needle age, little or no change in the number of xylem cell layers
was observed, but there was a significant increase in the layer of phloem cells
(Ewers 1982). Hence, needles produced secondary phloem but no secondary xylem.
In Pinus longaeva, newly produced phloem cells seem to continually replace dying
phloem cells. The work of Ewers (1982) also implies that needle xylem can remain
functional for many years.

Needles have been reported to be more vulnerable to dehydration-induced declines
in hydraulic conductance than stems (Johnson et al. 2009; Johnson et al. 2011;
McCulloh et al. 2014). Changes of needle hydraulic conductance may be caused by
cycles of embolism and refilling (Woodruff et al. 2007; Johnson et al. 2012), revers-
ible collapse of tracheids (Cochard et al. 2004; Brodribb and Holbrook 2005; Zhang
et al. 2014), changes in the membrane permeability of bundle sheath cells (Laur and
Hacke 2014), and other changes in the properties of living cells (see Chap. 10).
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Fig. 2.13 Cross section of a pine needle (Pinus nigra). Modified after Huber (1947). Endodermis
cells (yellow) are numbered (#/-8). Transfusion tracheids (blue, ttr) typically face the radial walls
of the endodermis cells. Transfusion parenchyma cells (tp, orange, marked with hatched lines) are
in contact with the median endodermis cell walls. m mesophyll (green). The arrow points to the
center of the needle

As shown in Fig. 2.12, axial needle xylem of Picea glauca is surrounded by
phloem and transfusion tissue. The work of Zhang et al. (2014) suggests that trans-
fusion tissue may play an important role in needle hydraulics. This tissue includes
transfusion tracheids, which serve in water storage and radial transport between the
axial xylem and the bundle sheath (Fig. 2.13). Transfusion tracheids of Taxus bac-
cata needles undergo reversible collapse in response to dehydration—rehydration
cycles, and these volume changes were linked to reversible changes in leaf hydraulic
conductance (Zhang et al. 2014). The reversible shrinkage of these cells may impact
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the xylem pressure of axial tracheids. More work will be necessary to validate the
existing hydraulic and imaging techniques that are suitable for studying needles,
and to develop novel empirical methods and modeling approaches for studying
needle hydraulics. Water potential measurements on a fine spatial and temporal
scale would be helpful in interpreting some of the reported changes in needle
hydraulic conductance and in determining the optimal needle transport capacity that
minimizes the pressure drop per given investment in xylem (Zwieniecki et al. 2006).

Aquaporins (AQPs) are present in various needle tissues (see Laur and Hacke
2014 for details), including the bundle sheath. These water channels likely play a
key role in facilitating radial water exchange between vascular and photosynthesiz-
ing needle tissue. Individual AQP genes of Picea glauca had different tissue distri-
bution patterns of expression; yet all four of the studied genes showed expression in
phloem cells (Laur and Hacke 2014). The prominent occurrence of AQPs in needle
phloem suggests a role for water channels in phloem loading/unloading.

Needles are capable of taking up water from fog, intercepted rainfall, or melting
snow (e.g., Burgess and Dawson 2004; Breshears et al. 2008a). Needle water uptake
appears to play an important role in timberline conifers, which recover hydraulic
conductivity in late winter and early spring, even when soils remain frozen. The
needles of timberline trees are able to take up water from melting snow, and this
water contributes to embolism repair in branches (Mayr et al. 2014). At the time of
refilling, AQPs appear in the needle phloem and endodermis indicating a role in
water uptake and the refilling process. Figure 2.14 shows a series of dye-perfused
stem cross sections of Picea abies with functional xylem throughout the year at low
elevation but remarkable winter embolism at the timberline. The entire cross section
is refilled so that full functionality is restored for the vegetation period. The dye per-
fusion experiments shown in Fig. 2.14 indicate that conifer stems can recover hydrau-
lic conductivity in late winter and early spring, even when soils remain frozen.
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3 Conifer Hydraulic Architecture: How the Xylem Works
in the Context of the Whole Tree

The performance of xylem in a live plant depends not only on the properties of the
material, but on the distribution of water potentials within the plant at any time and
how that affects physiological processes like photosynthesis and growth. The distribu-
tion of water potentials, in turn, depends on both the soil water availability and the
atmospheric vapor pressure deficit, but also on the plant directly: the amount of xylem
(sapwood width, length of the path), the variation in xylem properties within the plant,
the size of the root system, the leaf area, capacitance (how much water will come out
of storage per MPa water potential), and physiological behavior like the triggers of
stomatal opening and closure. Moreover, the environmental factors and some of the
plant-related factors will change in a cyclical manner (with seasons and phenology,
for example), and others will change on a finer time scale. We have a relatively good
understanding of how the plant-related factors should affect hydraulic performance in
general. There is still much to learn, however, about the regulation and coordination
of processes that contribute to the observed water potentials throughout a plant.

3.1 Leaf Specific Xylem Conductivity

Leaf specific xylem conductivity is a property that incorporates some of the architec-
tural information about the plant into hydraulic information. The LSC is the hydrau-
lic conductivity of a stem segment normalized by the leaf area distal to the segment,
rather than by the stem cross-sectional area (Tyree and Ewers 1991). Whereas Kj.x
tells how “efficient” the material is at allowing water to pass, LSC tells how much
water transport can occur per leaf area. The higher the LSC, the lower the water
potential gradient required to maintain a particular transpiration rate.

In conifers, LSC generally increases greatly with stem diameter (Tyree and
Ewers 1991), meaning that branches tend to have lower, LSC than the trunk (Domec
et al. 2012). In branches of Juniperus communis trees, LSC and K., were low at
the base, increased toward the distal parts and decreased again near the branch tips
(Beikircher and Mayr 2008). These patterns are controlled in part by differences in
tracheid dimension. One of the consequences of such patterns of LSC is the devel-
opment of steep water potential gradients in smaller diameter branches (Tyree and
Ewers 1991 and literature cited therein). Small distal branches are also the parts of
the tree that are the least buffered from environmental conditions (sun, wind,
drought), and thus are worthy of more study to better understand how entire plants
deal with drought stress, and to better understand the process of branch die-back
and death during drought.

A physical map of the water potentials at the apices of all the branches in a tree
may have a strong relationship with a physical map showing the amount of extension
growth of the stems, with more growth occurring where water is more available.
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During the growing season, these ultimate water potentials depend on the flow path’s
resistance and on the leaf area supplied. We do not have a strong understanding of
the feedback between growth and wood development—does a low water potential
direct the formation of a bud that will make a small leaf area? Most research on
conifers has been conducted in trees with a pyramidal form that results from a domi-
nant central leader and spreading angled branches off the leader. It would be interest-
ing to better understand the relationship of tree form, branch growth, and hydraulic
architecture by having more research in coniferous species that do not have this
pyramidal form.

3.2 The Transport Network

Within a woody plant, water moves from the root to the stomatal cavity through a
network of xylem conduits. Much research attention has focused on the optimal
form of that network for transporting water with the least biomass investment. It has
long been known that the bole has higher K, than branches, and that the higher the
order of branch, typically the lower the K, (e.g., Dunham et al. 2007; Domec et al.
2012). This pattern results largely from the positive correlation of tracheid diameter
and stem diameter (Petit et al. 2009). McCulloh et al. (2010) concluded that conifers
had a pattern of change in stem conductivity with stem size that was intermediate
between the steep change in ring-porous hardwoods, and the shallower change in
diffuse-porous hardwoods.

Another issue related to the transport network is the pathways by which water
moves radially. Assuming that water is delivered primarily to the outer growth ring
in roots and that it exits from xylem attached primarily to the outer three or four
growth rings in the shoot (Maton and Gartner 2005), but that it ascends the tree
through many growth rings, one can ask how that water moves in the radial direc-
tion, near both at the source and transpiration ends. In a typical conifer, the bordered
pits are mostly on the tracheids’ radial walls, which means water can move most
easily in the tangential direction (e.g., laterally, within a ring). In some species there
is a small amount of tangential wall pitting in the last-formed latewood and the first-
formed earlywood (Panshin and Zeeuw 1980; Kitin et al. 2009), presumably facili-
tating movement between rings. Barnard et al. (2013) used dye to visualize the
radial water movement, and found no evidence that water movement occurred
through ray tracheids.

3.3 Transport Safety and Drought-Induced Cavitation

Cavitation resistance potentially confers drought tolerance because maintenance of
water-filled conduits during drought ensures sufficient supply of water to leaves. The
greater the cavitation resistance, the higher the potential for gas exchange and for
extracting water from a drying soil (Sperry et al. 1998). Across Cupressaceae species,
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the Ps, of stems was correlated with the minimum growing-season precipitation of
the species’ native range (Pittermann et al. 2012). Similar relationships have also
been found for southern hemisphere conifers (Brodribb and Hill 1999).

A number of case studies on the pifion-juniper communities of the south-western
USA revealed how cavitation resistance of conifers relates to habitat and gas
exchange. Utah juniper (Juniperus osteosperma) dominates in the lower, drier sites
while Colorado pifion (Pinus edulis) is more common as precipitation increases with
elevation. Juniper is generally considered as the more drought-tolerant species, which
agrees with juniper having more resistant xylem than pifion (Linton et al. 1998).
Tracheid diameters in juniper were narrower than in pifion, and the hydraulically
weighted tracheid diameter was correlated with cavitation resistance.

The two species showed contrasting dynamics in terms of xylem pressure and
gas exchange. P. edulis exhibited pronounced stomatal closure during drought,
which allowed plants to maintain high xylem pressures. Due to its relatively vulner-
able xylem, pifion appeared to be operating near its hydraulic limits (Linton et al.
1998). These differences in water relations between the two species may explain
why pifion disappears from pifion-juniper woodlands at lower, drier elevations.

The Linton et al. (1998) study revealed that co-occurring plants may not only
differ in their resistance to cavitation, but also in their strategies for avoiding cavita-
tion. The latter may be just as important as cavitation resistance per se for predicting
how species may cope with climate change and associated changes in moisture
availability and how co-occurring species influence each other under drought-stress
conditions. An isohydric strategy might fail when neighboring plants risk high
water losses and a reduction of soil water potentials.

A 4-year drought (from 2000 to 2003), which was associated with anomalously
high temperatures, triggered extensive mortality of P. edulis (Breshears et al. 2005).
The die-off likely relates to the greater xylem vulnerability of pifion relative to juni-
per, and the water use strategies that are associated with these differences in cavita-
tion resistance. While P. edulis exhibited higher sap flux than J. osteosperma under
favorable conditions, P. edulis used isohydric stomatal control to avoid cavitation
during periods of water shortage. J. osteosperma, by contrast, sacrificed high sap
flux rates for greater resistance to cavitation and exhibited anisohydric stomatal
regulation (West et al. 2008). The high resistance to drought-induced cavitation in
Juniperus species helps explain the survival of junipers during recent extreme
droughts and why they have been able to expand into drier environments across the
western and central USA over the last century (Willson et al. 2008).

Prolonged stomatal closure in P. edulis in response to persistent water stress may
lead to a depletion of carbon reserves (Plaut et al. 2012; Sevanto et al. 2014). This
may make trees susceptible to beetle attack, and may eventually lead to mortality
(Breshears et al. 2008b; West et al. 2008). Drought-stressed trees may also lack the
carbon reserves that are required to reestablish hydraulic function after a drought
(Brodribb and Cochard 2009), i.e., trees may not be able to refill embolized xylem
and grow new fine roots (Plaut et al. 2012). In addition, it remains to be tested if
vulnerability to cavitation increases in conifer xylem that previously cavitated and
refilled (so-called “cavitation fatigue,” Hacke et al. 2001a).
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The studies on the pifion-juniper woodlands indicate that it is useful to interpret
cavitation resistance in the context of stomatal behavior. As shown for pifion, trees
may not necessarily die from outright hydraulic failure (McDowell et al. 2013;
Sevanto et al. 2014), but rather from the consequences that arise from the need to
avoid hydraulic failure. Accumulation of hydraulic deterioration as observed in trem-
bling aspen (Anderegg et al. 2013) may also be important in conifers. Knowing the
vulnerability curves (or the Ps,) of different species and plant organs is a prerequisite
for understanding and predicting mortality patterns. Recent research comparing
traits of Pseudotsuga menziesii trees after a severe drought in France showed slightly
higher wood densities in the survivors (Ruiz Diaz Britez et al. 2014). These results
are consistent with research showing that clones of the same species that had higher
density also had more negative values of Ps, (Dalla-Salda et al. 2009).

What structural features are associated with greater cavitation resistance and
why does the Ps, of conifer stems scale with the minimum xylem pressure measured
in plants under natural conditions (Choat et al. 2012)? While more cavitation-
resistant xylem will be required in dry habitats, it may not be advantageous in mesic
habitats. There are at least two costs associated with resistant xylem. First, species
that are resistant to drought-induced cavitation tend to have narrower tracheids and
lower K. than species with vulnerable xylem (Fig. 2.15a). We caution, however,
that the diameter-vulnerability trends are not always observed in other data sets.
Second, greater cavitation resistance was associated with greater wood density, an
excellent correlate of wood strength (Fig. 2.15b) (again, not always observed in
other data sets), which is based on respective carbon investments.

A priori, one may not expect to find either of these relationships. Wood density
reflects earlywood and latewood densities weighted by their respective proportion
within a ring, whereas the hydraulic properties of a sample are mainly determined
by the earlywood (Domec et al. 2009). Further, it is generally assumed that cavita-
tion resistance is primarily determined by properties of inter-tracheid pits, and it is
not clear how pit properties would scale with wood density and tracheid diameter.
Why then have correlations between Ps,, wood density, and tracheid diameter
emerged in many datasets (Hacke et al. 2004; Pittermann et al. 2006b, 2012; Domec
et al. 2009; Rosner 2013)?

A link between Ps,, conduit reinforcement, and wood density can be explained in
the light of cohesion-driven water transport. The more resistant the xylem is to cavi-
tation, the more negative the xylem pressure the plant can sustain, and the stronger
the tracheid walls must be. Bending stresses arise in the double wall between water-
and air-filled tracheids (Hacke et al. 2001b). The thicker the double wall (¢) relative
to its span (b), the greater the reinforcement against collapse. One may therefore
expect conduit reinforcement (#/b) to scale with the pressure range tracheids must
cope with. This pressure range is limited by cavitation. A riparian Taxodium tree has
vulnerable xylem, wide tracheids, and will require less conduit reinforcement than
Widdringtonia  cedarbergensis, which has extremely resistant xylem
(Psp=—11.3 MPa, Pittermann et al. 2010). Comparing xylem cross sections of these
taxa demonstrates that this expectation is justified (Fig. 2.2).
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In Pinaceae and Cupressaceae species, the significant increase in conduit rein-
forcement and wood density with more negative Ps, translated into decreasing tra-
cheid diameters with more negative Ps,. This is because the variation in #b in the
data set of Pittermann et al. (2006b) was mainly driven by variation in tracheid diam-
eter rather than wall thickness (but see Bouche et al. 2014). Trends in tracheid diam-
eter impact transport efficiency, which explains why attaining greater mechanical
reinforcement comes at the expense of reduced K, (Pittermann et al. 2006b, 2012).
These structure—function trade-offs likely explain the correlations shown in Fig. 2.15.

However, Pittermann et al. (2006b, 2012) found that southern hemisphere spe-
cies were quite different from the northern hemisphere conifer species featured in
Fig. 2.15. The wood of Podocarpaceae, Araucariaceae, and southern hemisphere
Cupressaceae appears to be overbuilt for bearing transport stress, making their
xylem expensive and hydraulically inefficient. Functionally, this means that for an
equivalent Psy, conduit diameters and #/b ratios are much higher in these taxa than
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in north temperate conifer endemics, reminding us that xylem attributes are some-
what decoupled from transport efficiency in these trees (Pittermann et al. 20064, b).
This suggests that selection for efficient water transport is not as strong in these
taxa. Given that the sampled trees occupied humid, mesic habitats in which water
limitation is unlikely, it is possible that selection acted on xylem attributes that are
more related to rot resistance and longevity. In contrast, tracheid walls in the needles
of Pinus and Podocarpus species were found to be insufficiently reinforced and thus
to show cell wall deformation before cavitation (Cochard et al. 2004; Brodribb and
Holbrook 2005).

The wood density versus Ps, relationship has far-reaching consequences due to
the significance of wood density for various aspects of tree physiology (for a discus-
sion of some of these, see Pittermann et al. 2006b; Lachenbruch and McCulloh
2014). To the extent that wood density is related to growth and drought sensitivity,
the data shown in Fig. 2.15b has potential implications for tree breeding. Rosner
et al. (2014) discussed if wood density can be used as a screening trait for drought
sensitivity in Norway spruce. They concluded that density is a highly predictive trait
for cavitation resistance of trunkwood in Norway spruce (see the dashed curve in
Fig. 2.15b). However, they cautioned that the relationship between density and Ps,
is only valid when mechanical demands do not interact with hydraulic demands.
Rosner et al. (2014) pointed out that rapid growth is often a principal criterion for
tree breeding. Selecting for growth may lead to lower transport safety, at least in
species like Norway spruce, in which growth rate is inversely related to wood den-
sity. In the light of global climate change it may be safer to select for higher densi-
ties, even at the cost of slower short-term growth under favorable conditions.

3.4 Variations of Xylem Safety Across Plant Organs
and with Height

How does cavitation resistance vary across plant organs? Several hypotheses pre-
dict how xylem structure should change along the root-to-branch water transport
pathway to optimize tree hydraulic efficiency and protection from embolism
(Comstock and Sperry 2000; McCulloh and Sperry 2005), but there are only a few
studies that have sampled more than two points along the entire pathway (Domec
and Gartner 2002b; McElrone et al. 2004; Burgess et al. 2006; Dunham et al. 2007).
Small diameter roots are typically more vulnerable than small diameter stems and
branches (Fig. 2.9, Sperry and Ikeda 1997; Hacke et al. 2000; McElrone et al. 2004;
Domec et al. 2009), consistent with roots experiencing less negative xylem pressure
than above-ground plant organs. In some juniper species, growing in very dry habi-
tats, however, vulnerability does not differ between roots and stems (Linton et al.
1998; Willson et al. 2008).

There are considerable differences in hydraulic properties between small and
large roots. Smaller roots of loblolly pine were more vulnerable than larger roots
(Fig. 2.9). This trend is consistent with findings of Dunham et al. (2007), who
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reported that small/young Douglas-fir roots embolized much more readily than the
large structural roots close to the trunk. Roots may be very variable in terms of
xylem anatomy and hydraulic properties. This variability is also observed along the
trunk (Schulte 2012b) and between branches of different heights. For instance, the
mean tracheid diameter in branches of a 90 m Sequoiadendron giganteum was cor-
related with xylem pressure measured at dawn; branches from higher parts of the
crown exhibited more negative xylem pressure as well as narrower tracheids
(Rundel and Stecker 1977). The authors concluded that the advantages of narrow
tracheids under water stress conditions relate to properties of thin-walled tubes in
resisting strong mechanical tensions. Studies on giant Sequoia sempervirens and
Pseudotsuga menziesii trees found that air-seeding pressures became substantially
more negative with increasing height, a trend observed in branches (Koch et al.
2004; Burgess et al. 2006; Domec et al. 2008) and trunk xylem (Domec et al. 2008).
This trend is expected based on the progressive drop in xylem pressure with height
(Koch et al. 2004). Much remains to be learned about this variation and how it
relates to the water use strategy of a plant.

In large Douglas-fir trees, trunk xylem was more vulnerable and had wider and
longer tracheids than branch xylem sampled at the same height (Domec and Gartner
2002a; Dunham et al. 2007) (Fig. 2.16). Large roots (cambial age ~42 years) were
very similar to samples taken from the trunk (cambial age ~52 years) in terms of
xylem anatomy and hydraulic properties, including Ps, (Dunham et al. 2007). Conifer
branches generally appear to be hydraulically safer than the trunk and small roots.
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In Picea abies, the leader shoot was found to be more resistant to drought-induced
embolism than nearby side branches (Mayr et al. 2003b). This trend is consistent with
the need for more embolism-resistant xylem as the pressure drops along the flow path
from the roots to the leaves. In each of these studies the decrease in Py, in the stems
came at the cost of higher flow resistance than in the roots. The safety factor for xylem
failure by air-seeding may be defined as the ratio of Ps, to the minimum summer
xylem pressure for a particular plant part (Psy/Pp,). In Douglas-fir and Ponderosa
pine, the safety factor was minimal in roots and intermediate in the trunk. Branches
had the highest Psy/P,;, ratio (Domec and Gartner 2002a; Domec et al. 2009). This
agrees with a study on four conifer species growing in the Pacific Northwest region of
North America (McCulloh et al. 2014). The study also reported that the vast majority
of hydraulic conductance was lost by midday in needle-bearing shoots while essen-
tially no embolism was predicted to occur in small diameter branches and trunks.

Closer inspection of Fig. 2.16 also reveals that the bases of the trees had lower
safety factors for hydraulic failure than top parts. However, roots and trunk bases
may exhibit relatively small fluctuations in xylem pressure because of buffering
mechanisms related to redistribution of water in the soil and plant tissues (Domec
et al. 2009; McCulloh et al. 2014). Small, vulnerable roots may regrow or may be
refilled depending on soil moisture availability (Domec et al. 2004).

3.5 Conclusions

As we increase our understanding of conifer xylem, we come to appreciate both its
simplicity and its elegance. The tissue contains only two basic cell types: tracheids
(mainly axial, some radial) and parenchyma (mainly radial, some axial). It has only
three main features that affect water transport: its aspect ratio, its cell wall thick-
ness relative to lumen diameter, and its bordered pit frequency, geometry, and bio-
mechanics. With small alterations in these three factors the material can orchestrate
extremely different performance in terms of water transport, embolisms resistance,
and capacitance. These small alterations are part of the adaptive traits that allow
different species to occupy such disparate habitats as the edge of the permafrost,
the high desert of the interior western USA, equatorial South America, and mari-
time zones in southern Europe. Likewise, these small alterations are also found, in
some cases, in different ecotypes of the same species. Furthermore, within a spe-
cies the same traits can be altered to confer adaptive changes as the functional role
alternates between properties conferred by earlywood, and then latewood; in com-
parison of organs like branch tips, roots, and boles; and as a the plant grows from
small to large.

The pits themselves are highly specialized valves that, through their varied within-
plant frequency and geometry appear to control not only the spread of embolism
(which would disable the water transport system), but the prioritization of delivery
of water throughout a tree. Small changes in pit characteristics affect earlywood and
latewood function, tangential transport within a single ring, radial transport of water
from one growth ring to the next, the speed with which water is used by a tree, and
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which parts of a tree are hydraulically favored in times of low water availability. Pit
characteristics vary by habitat and plant part. Thus, even though conifer wood, at first
glance, is a rather uniform material, at the microscopic and functional levels, it is
quite varied and gives rise to important differences in capabilities of the woody parts
of a plant, which can have a major effect on plant performance.

Lastly at the level of the whole plant, there are several traits beyond wood struc-
ture that affect conifer hydraulic performance: the plant-controlled factors that con-
tribute to transpiration (leaf area, stomatal control, cuticular water loss, capacitance),
conductance (sapwood area, K., pathlength for water transport), and water acqui-
sition (root surface area, absorptive capacity). These traits can differ greatly among
species, or by habitat for the same species. As shown above, the understanding of a
plant’s hydraulic architecture cannot be complete without these considerations, as
well as some knowledge of non-plant controlled factors (e.g., pattern of water avail-
ability and vapor pressure deficit, and soil water-release characteristics).

There remain many intriguing gaps in our knowledge about how conifer hydrau-
lic function works. There are questions of co-ordination during development (e.g.,
how are leaf-to-sapwood area ratios controlled) and co-ordination of physiological
processes (how does stomatal control of transpiration at various water potentials
relate to embolism formation in the roots, stems, and in foliage). There are signaling
questions and questions of the extent to which traits can compensate for one another
to deliver similar performances. These questions must affect our initial attempts to
glibly state what a trait is “for” (e.g., what is the adaptive significance of a certain
morphology) or our broad-brush attempts to answer questions of biogeography
(e.g., why are there very few pines in the Coast Range of Oregon). Many fundamen-
tal advances will be forthcoming still. Currently, advances are resulting not only
from experimental ecophysiological projects, but also from functional trait analyses
of large datasets that make use of correlations that may not be directly causal.
Advances may also result from the use of materials to be developed by molecular
biology programs that make novel trait combinations or that knock out one set of
capacities, thus calling into question what compensations will occur and how these
compensations affect performance. The current and anticipated advances in under-
standing of conifer hydraulic architecture are likely to shed light on plant adapta-
tion, habitat use, range of conditions an organisms or a species may occupy and the
magnitude of changes that can be accommodated by individuals with various levels
of traits. Such work will likely be of much value to land and natural resource man-
agers, and will be of use for people working in a variety of areas such as tree breed-
ing, development of urban landscape plant materials, bioremediation, greenhouse
gases mitigation, and production of biomass of a variety of qualities for pulp, tim-
ber, and energy production.
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1 Introduction

Tracheary elements are cells specialized for long-distance transport of water (Esau
1977). They are connected by bordered pit pairs. “Each pit pair consists of a modi-
fied wall, known as a pit membrane, flanked on either side by a pit border containing
an opening (or aperture) that provides access to an adjoining cell lumen (Dute et al.
2004).” Thus, water passes from the lumen of one cell through an aperture into a pit
cavity and through the pit membrane into the adjoining pit cavity, then through the
other pit aperture into the lumen of the neighboring cell (Fig. 3.1a, left) (Dute et al.
2004). Pit membranes allow transfer of water from cell to cell but at the same time
impede movement of air embolisms (Pittermann et al. 2005).

Pit membranes are of two basic types (Pittermann et al. 2005). One type, found in
most gymnosperms, consists of a permeable margo and impermeable torus
(Fig. 3.1b). Water flows through the margo, but in the presence of an embolism, the
pit membrane is displaced or aspirated such that the torus blocks an aperture
(Fig. 3.1a, right). In contrast, pit membranes of most dicotyledons are homogeneous;
that is, they lack a torus but the membrane pores are of a smaller size than the margo
pores of gymnosperms (Fig. 3.1¢) (Pittermann et al. 2005). The smaller pores reduce
water flux, but also make passage for air bubbles more difficult (Dute et al. 2001).

In 1978 Ohtani and Ishida discovered a third type of pit membrane in dicotyle-
dons in which features of the first two types are combined. Thus, the fine mesh of
the typical dicot pit membrane is associated with a torus (Fig. 3.1d).

The goal of this chapter is to describe development, form, and function of torus-
bearing intervascular pit membranes in seed plants (angiosperms and gymnosperms).

2 Anatomy and Ontogeny: Dicotyledons

Table 3.1 provides a list of those dicot species containing torus-bearing pit mem-
branes in their woods. The table was published originally by Dute et al. in (2010a),
but has been updated with information from recent articles (Dute et al. 2010b, 2011;
Sano et al. 2013). A glance at the table indicates that the occurrence of torus-bearing
pit membranes is homoplastic. Thus, the presence of multiple mechanisms for torus
development in dicots should come as no surprise.

2.1 Oleaceae

Torus ontogeny in Osmanthus (Oleaceae), in particular that in O. americanus,'
has been studied at some length. Tori are common in the genus, being found in
species from five of six sections investigated (Dute et al. 2010b). Studies of
O. americanus and O. armatus indicate the presence of tori in stem, root, and leaf

'Recently retransferred to Cartrema by Nesom (2012). This species has been retained within
Osmanthus in this chapter.
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Fig. 3.1 (a) Diagrammatic representation of form and function of bordered pit pairs in gymno-
sperms. At left, arrows denote passage of water from one cell lumen to the next through the perme-
able portion of the pit membrane (M) separating two bordered pits. At right the pit membrane of
the pit pair is displaced and the central impermeable torus of the pit membrane inhibits passage of
air bubbles between cells. The central diagram is the bordered pit pair in face view. (b) A face view
of the pit membrane of Tsuga canadensis, typical of conifers and Ginkgo, in which an imperme-
able torus is encircled by a porous margo. (¢) A pit membrane of Daphne jezoensis, typical of that
of dicotyledons. The central dark circle is not a torus but rather an image of the subtending pit
aperture. Note the tightly woven nature of the cellulose microfibrils over the entire membrane
surface (the cracks are induced by heat of the electron beam). (d) A pit membrane of Osmanthus
americanus, which represents a combination of the first two types. Bars: b=5 pm; ¢=1 pm;
d=1 pm. Diagram (a) and photo (b) from Zimmermann (1983); photo (c¢) from Dute et al. (1992);
photo (d) from Dute and Rushing (1987)

(Dute and Rushing 1987; Dute and Elder 2011; Dute et al. 2012a, b). Tori are absent
from the vasculature of the flower, but later develop in the fruit stalk and in the
xylem of the drupaceous fruit (Dute et al. 2013). When viewed with TEM, the torus
thickening of the pit membrane consists of two distinct pads separated by a layer of
wall material (Fig. 3.2a) (Dute and Rushing 1987). The latter represents the com-
pound middle lamella, whereas the pads are deposited later in cell ontogeny when
the respective pit borders are complete or nearly so (Dute and Rushing 1988).



Table 3.1 Dicot species containing torus-bearing pit membranes in their woods

Family Species Citation
Oleaceae Chionanthus retusa Rabaey et al. (2008a)
Osmanthus americanus Dute and Rushing (1987)
O. aurantiacus Ohtani (1983)
O. fortunei Ohtani and Ishida (1978), Ohtani (1983)
O. fragrans
O. heterophyllus
O. insularis Ohtani (1983)
O. rigidus Ohtani (1983)
O. serratulus Rabaey et al. (2006)
O. suavis
Picconia azorica Dute et al. (2008), Rabaey et al. (2008a)
P. excelsa
Thymelaeaceae Daphne acutiloba Dute et al. (1992)
D. alpina
D. altaica
D. arbuscula
D. arisanensis Dute et al. (1996)
D. aurantiaca
D. bholua
D. blagayana Dute et al. (1992)
D. X burkwoodii
D. caucasica
D. cneorum Dute et al. (1990)
D. collina Dute et al. (1992)
D. ericoides Dute et al. (1996)
D. genkwa Dute et al. (1992)
D. glomerata
D. gnidioides Dute et al. (1996)
D. gnidium Dute et al. (1992)
D. jasminea Dute et al. (1996)
D. kiusiana Ohtani and Ishida (1978), Ohtani (1983)
D. laureola Dute et al. (1992)
D. miyabeana Ohtani and Ishida (1978), Ohtani (1983)
D. odora
D. oleoides Dute et al. (1992)
D. papyracea
D. petraea Dute et al. (1996)
D. retusa Dute et al. (1992)
D. stapfii Dute et al. (1996)
D. striata Dute et al. (1992)
D. tangutica
Diarthron arenaria Dute et al. (2001)
D. lessertii
D. magakjanii

D. stachyoides

D. turcomanica

Stellera chamaejasme (?)

Thymelaea villosa

Wikstroemia albiflora

W. kudoi

W. pauciflora

W. yakushimensis

Dute et al. (1996)

(continued)
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Table 3.1 (continued)

Family Species Citation

Rosaceae Cercocarpus intricatus Jansen et al. (2007)
C. ledifolius
C. montanus
C. traskiae

Ulmaceae Planera aquatica Dute et al. (2004)
Ulmus alata Wheeler (1983)
U. americana Jansen et al. (2004)
U. campestris Czaninski (1979)
U. carpinifolia Jansen et al. (2004)
U. coritana

U. cornubiensis
U. davidiana
U. diversifolia
U. effusa

U. fulva

U. glabra

U. japonica

U. laciniata

U. macrocarpa
U. montana

U. parvifolia
U. pedunculata

U. plotii
U. scabra
U. thomasii Wheeler (1983)
Zelkova acuminata Jansen et al. (2004)
Z. crenata
Z. cretica Jansen et al. (2007)
Z. serrata

Cannabaceae Celtis australis Jansen et al. (2007)
C. laevigata Wheeler (1983)

C. occidentalis
C. reticulata
Schisandraceae Schisandra chinensis Sano et al. (2013)

Pad deposition is associated with a plexus of microtubules and membranous vesi-
cles (Dute and Rushing 1988) (Fig. 3.2b, c¢). The microtubules approach the surface
of a growing pad at different angles. It is hypothesized that the vesicles, containing
wall material, move along the microtubules to the torus surface (Dute and Rushing
1988). The microtubule plexus is not directly associated with those microtubules
responsible for pit border deposition. Completion of a torus pad is followed by cel-
lular lysis of the adjoining cytoplasm.

Careful observation of torus structure in Osmanthus (using SEM or TEM
of carbon replicas) indicates the presence of a fibrillar component as well as
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Fig. 3.2 Oleaceae. (a) Sectional view of a mature, intervascular pit pair of Osmanthus america-
nus. The torus consists of two pads separated by a compound middle lamella. (b, ¢) Detail of torus
pad formation showing both microtubules and dictyosome vesicles. (d) Pit membrane whose torus
has both corona and a pustular region. (e) Torus whose pustular region has been chemically
removed exposing the microfibrils beneath. (f) A blind pit with a torus pad positioned facing the
lumen of the water-conducting cell. Bars: a=0.5 pm; b=0.3 pm; ¢=0.3 pm; d=1 pm; e=0.5 pm;
f=1 pm. Photo (a) from Dute and Rushing 1987; photos (b, ¢, f) from Dute and Rushing (1988);
photos (d, e) from Dute and Elder (2011)

amorphous substances (Ohtani and Ishida 1978). Both components can be easily
visualized (Fig. 3.2d) using the superior resolution provided by the atomic force
microscope (AFM) (Dute and Elder 2011). Observations of air-dried or solvent-dried
pit membranes show tori to consist of a central pustular region surrounded by a
corona or fringe (Fig. 3.2d). Treatment with acidified sodium chlorite (Ohtani and
Ishida 1978; Dute and Elder 2011) removes the pustules and exposes parallel sets of
microfibrils crossing one another in the center of the torus (Fig. 3.2¢). These micro-
fibrils are responsible for a radially oriented component of microfibrils within the
margo (Ohtani and Ishida 1978; Ohtani 1983). It is clear that the pustular layer is the
last phase of torus synthesis. The pustular surface stains deeply with toluidine blue
O in O. armatus (Dute, unpublished results) and reacts with KMnQ, in O. americanus
(Coleman et al. 2004). Thus, the torus pads contain some lignin.
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Fig. 3.3 Oleaceae. (a) Aberrant pits in a petiole of O. armatus. Notice the elongate torus and
aperture. (b) Elongate torus in what appears to be two fused pits in a root of O. americanus. (c) Pit
border and aperture resulting from two fused pits in the root of O americanus. (d) Arrow denotes
elongate torus in a pit from the root of O. armatus. Bars: a=3.4 pm; b=2 pm; ¢=2 pm; d=5 pm.
Photo (a) from Dute et al. (2012b); photos (b—d) from Dute et al. (2012a)

Within a given bordered pit pair, completion of torus pad deposition and subse-
quent hydrolysis of matrix material from the margo begins first in the older of two
adjacent cells. Cellulose microfibrils of a pit membrane remain undamaged and are
easily visualized when viewing the membrane surface with either AFM or SEM
(Fig. 3.1d). When viewed in thin section using TEM, however, the mature margo is
often practically invisible (Fig. 3.2a).

A given tracheary element acts independently of its neighbors and is programmed
to deposit a torus pad on any surface that is enclosed by a pit border, even a blind pit
(Fig. 3.2f) (Dute and Rushing 1988).

Beck et al. (1982), during a study of Callixylon wood, hypothesized that torus-
bearing pit membranes require circular apertures in order to act effectively as
valves. Torus-bearing intervascular pit membranes of Osmanthus are generally
associated with circular to somewhat elliptical pit apertures, but exceptions do exist.
Petioles of Osmanthus armatus contain tracheary elements with tori. At the bound-
ary of the primary and secondary xylem, both pit apertures and tori are elongate
(Fig. 3.3a) (Dute et al. 2012b). Similar instances of elongate tori and apertures exist
in roots of O. americanus (Fig. 3.3b, c¢) and O. armatus (Fig. 3.3d) (Dute et al.
2012a). In some cases (e.g., Fig. 3.3b, c¢) pit borders fused during development,
resulting in a pit border with a single, elongate aperture. The pit membrane of such
a fused pit is also elongate (rather than circular), and the torus pad that is deposited
corresponds to the aperture shape. Since torus pad deposition does not occur in



Fig. 3.4 Thymelaeaceae. (a—c) Steps in the development of a torus pad in the immature pit mem-
brane of Daphne odora. Torus construction is associated with both dictyosome vesicles and masses
of microtubules. (d) Torus of D. odora stained with KMnO, for detection of lignin. (e) Half-
bordered pit pair with a torus pad deposited only on the side of the water-conducting cell (D.
odora). Bars: a=0.2 pm; b=0.2 pm; ¢=0.2 pm; d=0.5 pm; e=0.5 pm. Photos (a—c, e) from Dute
et al. (1990); Photo (d) from Coleman et al. (2004)

Osmanthus until the pit border is complete (or nearly so), one could argue that aper-
ture shape somehow controls torus shape. It would be interesting to observe the
quality of seal during aspiration in such aberrant pits.

2.2 Thymelaeaceae

Torus-bearing membranes of Daphne (Thymelaeaceae) develop in a similar, but not
identical, manner to that of Osmanthus (Dute et al. 1990). Membrane thickening at
the site of the torus is not initiated until the pit border is near or at completion.
Aggregation of microtubules near the site of the future torus begins at this time
(Fig. 3.4a). Development of a microtubule plexus follows (Fig. 3.4b). Vesicular
deposition of torus material into the developing torus pad at this time is quite dis-
tinct (Fig. 3.4c¢). It appears as if the secreted material impregnates the already exist-
ing pit membrane and also accumulates as a surface layer (Fig. 3.4c, d). The secreted
material stains positive for lignin (Fig. 3.4d). A torus pad is routinely deposited on
the tracheary element side of half-bordered pit pairs (Fig. 3.4¢) and blind pits (Dute
et al. 1990; Coleman et al. 2004).
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2.3 Rosaceae

In species of Cercocarpus (Rosaceae) torus pads are constructed after completion of
the pit borders, but neither microtubule plexus nor mass of vesicles is present
(Fig. 3.5a) (Dute et al. 2010a). Torus pads are deposited on the tracheary element pit
membrane surface of half-bordered pit pairs (Fig. 3.5b) and blind pits.

2.4 Ulmaceae/Cannabaceae

Certain species of the Ulmaceae/Cannabaceae also form tori that are best developed
in intervascular pit pairs of latewood tracheary elements (Wheeler 1983; Dute and
Rushing 1990; Dute et al. 2004; Jansen et al. 2004). Torus ontogeny has been care-
fully followed only in Ulmus alata, Celtis laevigata, and C. occidentalis (Dute and
Rushing 1990). Torus thickenings in Ulmus and Celtis occur early in pit membrane
ontogeny (before initiation of the secondary wall) and their development is not asso-
ciated with a microtubule plexus (Fig. 3.6a) (Dute and Rushing 1990). Thickenings
are viewed as elaborations of the primary walls of the pit membrane. Tests for lignin
in mature tori have proven equivocal (Wheeler 1983; Coleman et al. 2004). AFM
images of mature tori in U. alata show microfibrils crossing the surface (Fig. 3.6b)
in contrast to the situation in Osmanthus and Cercocarpus (Dute and Elder 2011).

2.5 Schisandraceae

Sano et al. (2013) recently observed torus-bearing pit membranes in wood of
Schisandra chinensis. This report is the first example of tori found in basal angio-
sperms rather than in core eudicots. Further study of structure and development of
these pit membranes is called for.

2.6 Miscellanea

Microfibril orientation in the margo of dicot pit membranes has already been dis-
cussed relative to Osmanthus. This genus possesses the most organized arrange-
ment of radial microfibrils among the torus-bearing dicot genera (Ohtani and Ishida
1978; Dute and Elder 2011). Wheeler (1983) has shown a good correlation between
radial microfibrils and the presence of a torus in Ulmus and Celtis (Fig. 3.7a). Pit
membranes of many torus-bearing Daphne species, by contrast, had few (Dute et al.
1990) or no (Ohtani and Ishida 1978) radial microfibrils. But torus-bearing pit
membranes in aspirated examples of Daphne aurantica and in Wikstroemia of the
same family do have a distinct radial component to the margo (Dute et al. 1996). It
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Fig. 3.5 Rosaceae. Torus pad development in Cercocarpus betuloides. (a) Development in a bor-
dered pit pair. Only one pad is developed; the other cell of the pit pair is younger and a pad has yet
to be initiated. (b) Half-bordered pit pair in which a torus pad is associated with only the tracheary
element (water-conducting cell) side of the pit membrane. Bars: a=0.2 pm; b=0.5 pm. Photos
from Dute et al. (2010a)

seems as if this feature varies within the family. When present, radial microfibrils
are, in all dicot genera studied, on or near the surface of the pit membrane (Fig. 3.7b)
and cover the remainder of the margo, which consists of tightly woven, randomly
arranged microfibrils similar to that of intervascular pit membranes of most dicots
(Dute and Elder 2011).

Plasmodesmata are the exception rather than the rule in intervascular pit mem-
branes of woody dicots (Barnett 1982, but see Sect. 2.7 below); therefore, discus-
sion of these cytoplasmic channels will be postponed until discussion of the
intertracheid pit membranes of gymnosperms, where such structures are common.

2.7 Pseudotori

Pseudotori are thickenings associated with pit membranes of tracheary elements
(including fiber tracheids) in a number of woody taxa including Rosaceae, Ericaceae,
and Oleaceae (Jansen et al. 2007; Rabaey et al. 2008a). The following ontogenetic
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Fig. 3.6 Ulmaceae/Cannabaceae. Pit membrane development between two immature bordered
pits in Celtis laevigata. The torus thickening indicated with an arrow is under construction. That
particular cell has yet to build its pit border, whereas the other (older) cell has not only a completed
its torus thickening, but has nearly completed its pit border. (b) Torus surface in Ulmus alata tra-
versed by microfibrils. Bars: a=0.5 pm; b=0.25 pm. Photo (a) from Dute and Rushing (1990);
photo (b) from Dute and Elder (2011)

sequence is a summarization of a number of published studies (Parameswaran and
Liese 1973, 1981; Parameswaran and Gomes 1981; Barnett 1982, 1987; Jansen
et al. 2007; Rabaey et al. 2008a, b; Plavcova and Hacke 2011). In intervascular pit
membranes, torus-like structures are formed by thickening of the primary wall lay-
ers. These thickenings are often eccentric rather than centrally located on the pit
membrane. More than one thickening can occur on a given membrane. These thick-
enings often contain large numbers of plasmodesmatal channels that are focused
toward the middle lamella (Fig. 3.8a). This stage is followed by deposition of pads
or caps of wall material over both surfaces of the thickening (Fig. 3.8b). The plas-
modesmatal channels might or might not extend into the pads. With dissolution of



Fig. 3.7 (a) Surface of Celtis reticulata pit membrane showing torus associated with radial micro-
fibrils traversing the margo. (b) Detail of margo of Osmanthus armatus showing radial microfibrils
(arrows) at or near the surface. Bars: a=1 pm; b=0.5 pm. Photo (a) from Wheeler (1983); photo
(b) from Dute and Elder (2011)

05 m

Fig. 3.8 Developmental stages of pseudotori in Malus yunnanensis (a, ¢) and Pittosporum tenui-
folium (b). (a) Early developmental stage with thickened primary walls and numerous plasmodes-
mata. (b) Caps or pads (arrows) subsequently deposited on surfaces of primary walls. (¢) Loss of
matrix material from primary wall thickenings (arrow). Bars: a=200 nm; b=2 pm; ¢=0.5 pm. All
photographs from Rabaey et al. (2008b)

the cytoplasms, matrix material is lost from the original pit membrane thickening,
whereas the pads generally remain intact (Fig. 3.8c). In cases where the pit mem-
brane connects a tracheary element and a parenchyma cell, the membrane surface of
the latter is covered by a protective wall layer rather than a pad.
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There is no evidence that pseudotori are involved in embolism blockage as are
regular tori. The eccentric location of most pseudotori on pit membranes would
preclude this possibility. Their actual function is unknown, although the large num-
ber of plasmodesmata would imply intercellular communication when the cells are
still alive.

3 Anatomy and Ontogeny: Conifers and Ginkgo

Traditionally, intertracheid pit membranes of gymnosperms (with the exception of
cycads) are thought to consist of a thickened, central torus surrounded by a perme-
able, fibrillar margo (Fig. 3.1b). Early work showed considerable structural diver-
sity to exist within mature pit membranes of gymnosperms (Bauch et al. 1972). In
this section of the chapter, I shall provide an overview of two different pathways of
intertracheary pit membrane development in gymnosperms using Abies firma (rep-
resenting Pinaceae) versus Metasequoia glyptostroboides (Cupressaceae) and
Ginkgo biloba as examples®. Additional information from other species and genera
is included when helpful.

Intervascular pit membranes of gymnosperms not uncommonly contain complex
branched plasmodesmata (Fig. 3.9a) (Murmanis and Sachs 1969; Thomas 1969,
1972; Fengel 1972; Fujikawa and Ishida 1972; Timell 1979; Dute 1994; Sano et al.
1999; Dute et al. 2008; Roth-Nebelsick et al. 2010; Jansen et al. 2012). In Ginkgo,
Abies, and Metasequoia, branched plasmodesmata are present in the earliest devel-
opmental stages (Dute 1994; Dute et al. 2008). Plasmodesmata exist at sites of both
future torus and margo. Structurally, plasmodesmata consist of branches (half plas-
modesmata) extending from median cavities to the lumen surface (Fig. 3.9b).
Plasmodesmatal branches are lined by the cell membrane and contain distinct des-
motubules (Fig. 3.9b, c). Those channels within the torus region of the pit mem-
brane elongate as the torus walls thicken. Not all tori within the wood of a specimen
sample contain plasmodesmata, but in those that do, the branches (channels) show
uneven (clustered) distribution (Fig. 3.9d) (Dute et al. 2008; Jansen et al. 2012).
Ultrathin sections frequently show plasmodesmata as entering but one surface and
passing only to the median cavity or central nodule region (Fig. 3.9b). Such half
plasmodesmata were referred to as “ectoplasmic strands” in pit membranes of Pinus
radiata by Barnett and Harris (1975). However, serial sections in pit membranes
of Ginkgo (Dute 1994) and fortuitous sections from conifers (Jansen et al. 2012)
indicate that at least some median cavities are connected by plasmodesmatal
channels to both pit membrane surfaces.

2Ephedra, a xeromorphic Gnetalean gymnosperm also has well-developed tori. Pit membrane
structure in this genus is dealt with in a recent publication (Dute et al. 2014).
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Fig. 3.9 Conifers and Ginkgo. (a) Immature pit membrane with developing torus thickenings in
Abies firma. Note the pit borders have just begun to development on the cell at right. Pit mem-
branes in these gymnosperms commonly contain plasmodesmata. (b) Sectional view through an
immature torus of Ginkgo. Plasmodesmatal channels contain desmotubules and are associated
with median cavities in the middle lamella of the pit membrane. (c¢) Paradermal section of develop-
ing pit membrane in Ginkgo. Plasmodesmatal channels are seen as circles, each lined by the cell
membrane and containing a desmotubule. (d) A mature pit membrane of A. firma with visible
plasmodesmatal channels in the torus. (e) Mature torus in Ginkgo in the process of losing its matrix
material. Arrow indicates a remnant plasmodesma. (f) Mature pit membrane of Metasequoia glyp-
tostroboides in which no plasmodesmata are visible. (g) Section through a mature torus of A. firma
in which cavities associated with plasmodesmata and median cavities are still evident. Bars:
a=0.5 pm; b=0.5 pm; ¢=0.25 pm; d=1 pm; e=0.5 pm; f=1 pm; g=1 pm. Photos (a, d, f, g) from
Dute et al. (2008); photos (¢, e) from Dute (1994); photo (b) from Dute

The fate of plasmodesmata varies with the genus in question. In both Ginkgo and
Metasequoia maturation of the tracheid is associated with loss of matrix material
from both torus and margo. Figure 3.9e shows remnants of at least one plasmo-
desma in a torus of Ginkgo that is undergoing matrix removal. Thin sections of later
stages show no evidence of plasmodesmata. It could be argued that the channels are
still present in some form, but are simply not stained. However, SEM of torus
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Fig. 3.10 Ginkgo. (a) Wall thickening of the torus region (arrow) occurs before initiation of a pit
border in water-conducting cells (tracheids). (b) Organelles associated with torus thickening
include dictysomes and plastids. (¢) Plasmodesma in the future margo portion of an immature pit
membrane. A strand of endoplasmic reticulum (ER) enters the channel and gives rise to a desmotu-
bule. Bars: a=1 pm; b=1 pm; ¢=0.25 pm. All photos from Dute (1994)

surfaces of Ginkgo and Metasequoia provide no evidence for such structures
(Fig. 3.9f). In contrast, in other genera such as Abies, the torus retains its matrix
during maturation and plasmodesmatal remain evident (Fig. 3.9d, g). For
Metasequoia and Ginkgo, it is hypothesized that matrix removal leads to a realign-
ment of the cellulose microfibrils and disappearance of plasmodesmata (Dute et al.
2008).

Torus thickening begins before initiation of the pit border (Figs. 3.9a and 3.10a)
(Thomas 1972; Imamura and Harada 1973; Dute 1994; Dute et al. 2008). In fact, it
appears as if torus thickness has reached its maximum by the time of border initia-
tion. Various cytoplasmic membranes and organelles (including dictyosomes) are
associated with the developing torus (Fig. 3.10b). Strands of ER, often normal to the
torus surface, are noted during various ontogenetic stages of the pit membrane. This
observation is not surprising given the number and prominence of plasmodesmata
in both torus and margo of the pit membrane. Occasional thin sections show strands
of tubular ER entering plasmodesmatal channels, no doubt becoming desmotubules
within the plasmodesmata (Fig. 3.10c). No microtubule plexus such as is found in
Osmanthus or Daphne is present in either conifers or Ginkgo.



Fig. 3.11 Pinus. (a) Detail of margo from a mature pit membrane. The surface consists of large
radially oriented microfibrils subtended by smaller diameter microfibrils in a reticulate arrange-
ment. (b) Face view of a torus thickening caused by crossing of radially oriented microfibrils at the
center of the pit membrane. (¢) A detail of the periphery of a torus in P. taeda showing concentric
microfibrils. Bars: a=0.25 pm; b=1 pm; ¢=0.5 pm. Photos (a, b) from Thomas (1970); photo (c)
from Dute and Elder (2011)

Torus and margo consist of both fibrillar and matrix material. Careful work on
Pinus and Taxodium by Thomas (1968, 1970, 1972) paints the following picture.
Randomly oriented microfibrils are covered on both pit membrane surfaces by lay-
ers of thicker (larger diameter), radially oriented microfibrils (Fig. 3.11a). The latter
cross one another in the center of the membrane and initiate thickening at the site of
the torus (Fig. 3.11b). In Pinaceae, but in neither Cupressaceae nor Ginkgo, a ring
of parallel microfibrils is deposited at the torus periphery (Fig. 3.11c). Finally,
incrusting material is added to the torus. Enzyme hydrolysis studies show the torus
of conifers to have a high concentration of pectin, whereas the margo (before
removal of the matrix material at maturation) contains large amounts of hemicel-
lulose (Imamura et al. 1974).

As pit membrane ontogeny continues, development of the pit border occurs. Late
in pit border development access to the pit aperture on the lumen side is blocked by
a plastid. This blockage was noted in Ginkgo (Fig. 3.12a) (Dute 1994) and later in
both Abies firma and Metasequoia (Fig. 3.12b) (Dute et al. 2008). A similar
observation for Abies balsamea was made by Timell (1979). The metabolic impor-
tance of this developmental stage is unknown.

Completion of the pit border is followed by autolysis during which cell contents
are lost and variable amounts of matrix/incrusting materials are removed from the pit
membranes. In Abies and other Pinaceae (Dute et al. 2008; Hacke and Jansen 2009;
Jansen et al. 2012) matrix material is removed from the margo but not from the torus.
Although left intact, the torus attracts more heavy metal stain, becoming more elec-
tron opaque with the TEM (Fig. 3.9g). In contrast, Ginkgo (Dute 1994), Metsequoia
and Taxodium lose most or all of the matrix material from the torus as well (Fig. 3.12c,
d). This process causes the torus to lose some of its thickness (Thomas 1972; Dute
1994). Matrix loss from the torus in these cases takes longer than loss from the margo
due to the greater thickness of the former. Plasmodesmata are not loci for matrix
removal. Mature pit membranes without incrusting material/matrix show radial
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Fig. 3.12 Conifers and Ginkgo. Plastid occlusions of developing pit apertures in G. biloba (a) and
Metasequoia glyptostroboides (arrows) (b). Mature bordered pit pairs in G. biloba (¢) and M.
glyptostroboides (d). A pit membrane is present in (c) at the region marked with an X, but can only
be observed by “overexposing” the image. Bars: a=1 pm; b=5 pm; ¢=1 pm; d=1 pm. Photos (a,
¢) from Dute (1994); photos (b, d) from Dute et al. (2008)

microfibrils from the margo traversing the surface of the torus (Fig. 3.9f). Dute et al.
(2008) attempted to explain the differential loss of matrix material from different
species by suggesting either a difference in torus composition or in autolytic enzymes.

4 Function and Response to Environment:
Conifers and Ginkgo

The functions of homogeneous and torus-bearing intervascular pit membranes are
the same—to facilitate passage of water, but to inhibit passage of air bubbles. These
functions are enabled differently in pit membranes of conifers versus angiosperms.

Conifers can be found in a number of environmental situations, but by and large,
they are able to endure moisture stress (Rushforth 1987). In his tome entitled Pinus,
Mirov (1967) details the xeromorphic adaptations within that particular genus—I
would include torus-bearing pit membranes among them. Pines and other conifers can
withstand water stress caused by drought, high evaporation, low temperatures, and
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sandy soils. Nevertheless, conifers can also grow in other habitats where their xeric
adaptations would be advantageous during the occasional drought (Mirov 1967).

Little is known about the ecology of Ginkgo. The tree grows well in exposed
sites in soil that provides good drainage yet has ample moisture-holding capacity
(He et al. 1997). Although sensitive to water-logging, the tree is resistant to drought
(He et al. 1997).

The pit membrane of conifers and Ginkgo, considered to represent a derived
state (Beck et al. 1982), consists of a central, relatively impermeable torus sur-
rounded by a fibrillar, permeable margo, whose pore diameters are on the order of
0.1 pm (Pittermann et al. 2005). Due to these relatively large openings, gymno-
sperm pit membranes provide much lower resistance to water flux than do pit
membranes of angiosperms (Pittermann et al. 2005) even though membrane sur-
face area in the former is reduced by the presence of the torus. When displaced, the
torus should occlude the aperture in a pit border and thus inhibit movement of air
embolisms into a neighboring tracheid. The quality of seal produced by an aspi-
rated torus is dependent upon a number of factors, among them: torus thickness
and depth of pit chamber. As explained by Hacke and Jansen (2009), thinner (and
thus more flexible) tori provide a tighter seal against the pit aperture. Also, depth
of the pit chamber is inversely proportional to vulnerability to cavitation; that is,
the greater the deflection required by the pit membrane, the more likely it is that
the seal will be imperfect. Also, there is some evidence that plasmodesmata tra-
versing the torus can make it “leaky” and allow passage of air bubbles (Jansen
et al. 2012).

Calculations show that a constancy of torus diameter versus membrane and aper-
ture diameter leads to maximum pit conductivity per membrane area. Torus overlap
is, according to Hacke et al. (2004), “the fraction of the pit border width that is
covered by the torus” and is defined by (D,— D,)/(D,,— D,), where D, equals the torus
diameter, D, the aperture diameter, D,, the membrane diameter. Torus overlap for 17
species of gymnosperms proved to fall between 0.21 and 0.38. Values that are above
or below this range lead to reduced flow rate through the pit membranes (Hacke
et al. 2004). Permeability of the pits, in turn, limits the saturating length of tracheids
that is needed to maximize conductivity through the cells as, according to the
authors, “a longer length provides no significant gain in conductivity” (the resis-
tance of the pits becomes rate limiting—see also Lancashire and Ennos 2002) “and
a shorter length sacrifices conductivity.”

5 Function and Response to Environment: Dicotyledons

A brief mention must be made at this time regarding pit membrane structure of
intervascular pits of most angiosperms. According to many authors, these pit mem-
branes lack a torus and consist of randomly crossing or of a reticulate texture of
microfibrils with pores measuring in the nms (Pittermann et al. 2005), although
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recent studies show that some pit membranes can have larger pores (Jansen et al.
2009). This arrangement of microfibrils is the surface layer and typically is seen in
undamaged pit membranes with the SEM. In fact, such pit membranes often are
multilayered with the inner layer(s) consisting of microfibrils in a parallel arrange-
ment (Schmid and Machado 1968; Dute et al. 1992; Sano 2005; Jansen et al. 2009).
The small pores result in high resistance to water flux through the membrane. This
is compensated by the great length of angiosperm vessels when compared to gym-
nosperm tracheids.

The function of torus-bearing membranes of conifers and Ginkgo is well estab-
lished. The same can be said for that of the homogeneous pit membranes in angio-
sperms. What, however, can we make of torus-bearing pit membranes in dicots
where a centrally located torus is surrounded by a margo whose microfibrillar
arrangement is identical to that of homogeneous pit membranes? It would seem that
a combination of reticulately arranged microfibrils and loss of conducting pit mem-
brane surface by the presence of a torus would cut water flow from cell to cell to an
unacceptable level. Added to this is the fact that tori in angiosperms have evolved a
number of times (Sano et al. 2013; Table 3.1 this chapter). In other words, tori in the
angiosperms could have evolved different times for different reasons under different
selective pressures. Little experimental data exist for these species, and one is forced
to rely on morphological correlations.

Recent trials at North Carolina State University noted superior performance dur-
ing the drought of 2007 for specimens of Chionanthus retusus (Oleaceae),
Osmanthus fragrans (Oleaceae), and Ulmus alata (Ulmaceae), all three with torus-
bearing pit membranes (Bilderback 2007).

It was stated earlier in the chapter that a correlation exists between pit mem-
branes with a torus and a circular pit aperture. According to Beck et al. (1982), such
a membrane would be adaptive in providing efficient valve action under conditions
inducing pit membrane aspiration. This correlation was made with regard to pro-
gymnosperms and conifers but, despite the exceptions noted earlier, this is true also
for torus-bearing dicot pit membranes. In contrast, according to Beck et al., a less
specialized homogeneous pit membrane would be adaptive in pits with slit-like
apertures. However, Wright (1928) notes that “the presence of a round pore (aper-
ture) does not necessarily entail development of a torus.” A study of selected species
of the Thymelaeceae (Dute et al. 2001) showed the circularity ratio of pit apertures
(ratio of long axis to short axis) of Daphne gnidioides (torus-bearing) to be 0.71 and
of Pimelea prostata, P. arenaria, and Gnidia caffra (all non-torus bearing) to be 0.3,
0.33, and 0.27, respectively. However, Dirca palustris (also non-torus bearing) var-
ied in three specimens from 0.63 to 0.78. In the Ulmaceae, the mean circularity ratio
for Planera aquatica (torus-bearing) was 0.76 (Dute et al. 2004). Jansen et al.
(2004) observed two herbarium specimens of Ulmus lanciniata with tori present in
small diameter tracheary elements, but not in those cells whose diameter was greater
than 20 pm. The pit aperture of the former had a circularity ratio of 0.85, whereas
the circularity ratio of the latter was 0.61. It seems as if circular apertures and circu-
lar tori are correlated in dicotyledons.
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5.1 Oleaceae

More is known about torus structure, development, location within a plant and spe-
cies distribution in Osmanthus than in any other genus of angiosperm. All major
sections of this genus have torus-bearing members except Notosmanthus (Dute
et al. 2010b). This section differs from the rest of the genus as regards inflorescence
characters and chemistry, and probably should be removed (Dute et al. 2010b).

Twelve of thirteen torus-bearing species of Osmanthus studied by Dute et al.
(2010b) were diffuse porous and one was semi-ring porous. This situation is in con-
trast to that mentioned in the Ulmaceae (Jansen et al. 2004), where torus presence
was associated with ring porosity.

The center of diversity for Osmanthus is Southeast Asia, where over 80 % of the
species are located (Xiang et al. 2008). Osmanthus armatus, for example, is associ-
ated with a monsoon climate (Shen and Zhang 2000). The plants grow in thickets on
slopes (Wu and Raven 1996) and the species is considered to be drought tolerant
and adapted to warm conditions (Shen and Zhang 2000). Perusal of collecting site
information for various Asian species (Green 1958) often shows plants growing on
dry, steep slopes. Thus, Osmanthus species are associated with xeric situations. An
exception to this observation is O. americanus which, while torus-bearing, is found
in low, wet situations in the southeastern United States (Green 1958).

Osmanthus shrubs and trees are evergreen (Xiang et al. 2008). Dute et al. (2012b),
in a study of tori in leaves of O. amaratus noted, “Tori are considered to be xeromor-
phic features which, along with thick cuticle and sclereids, are advantageous for the
perennial growth habit of leaves.” Evergreen leaves are expensive to make, and to
repay construction costs must remain attached to the stem for a prolonged period
(q.v. discussion in Dute et al. 2012b). Such leaves must be able to survive times of
stress, which includes water stress. Thus, there is a clear adaptive advantage to iso-
lating air bubbles in leaf veins.

Wood anatomy (Baas et al. 1988) and sequencing data (Wallander and Albert
2000) show Osmanthus and Picconia to be closely related, probably sister gen-
era. It should come as no surprise then to learn that the two species of Picconia
(P. azorica and P. excelsa) have torus-bearing intervascular pit membranes (Dute
et al. 2008; Rabaey et al. 2008a). Both species grow in Macaronesia, P. excelsa is
on the Canary Islands and Madeira, and P. azorica in the Azores (Humphries
1979; Gomes 1998; Arteaga et al. 2006; Ferreira et al. 2011). Picconia is consid-
ered “a xerophytic, evergreen tree genus” (Ferreira et al. 2011). A recent molecular
study has clearly confirmed Picconia’s two species as distinct (Ferreira et al.
2011). P. azorica is found in coastal forests, where it is resistant to sea spray
(Ferreira et al. 2012). Fossils of Picconia (P. excelsa) have been found in Pliocene
deposits of central Europe indicating a serious loss of range into present times.
If so, its possession of a torus would preadapt it to the environment of the refuge
it now inhabits.
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5.2 Thymelaeaceae

The Thymelaeaceae as a whole is a family of dry environments (Rendle 1925). For
example, species of Diarthron and Stellera are found in the steppe regions of central
and eastern Asia, where the plants are exposed to summer drought as well as to win-
ter cold (Tan 1982). In those species that possess them, torus-bearing pit membranes
are associated with narrow diameter tracheary elements (both vessel members and
vascular tracheids) containing distinct helical thickenings (Dute et al. 1996, 2011).
Here again, torus-bearing pit membranes are hypothesized to be part of a backup
water-conducting system that has a low rate of flow but has a high safety factor.

5.3 Rosaceae

Cercocarpus is a genus of four species found in North America extending from
Mexico north to Washington state and from the Great Plains of the United States
west to the Pacific coast (McGregor et al. 1986; Hickman 1993; Cronquist et al.
1997; Chap. 5, this book). The plants are shrubs or small trees that prefer dry situa-
tions such as rocky slopes, cliffs, and chaparral (Bailey and Bailey 1976; McGregor
et al. 1986; Hickman 1993; Cronquist et al. 1997). Cercocarpus is also the only
known member of the Rosaceae to possess torus-bearing pit membranes in its wood
(Jansen et al. 2007). The centrally located torus is found associated with both vessel
members and tracheids with a tendency toward better development in cells of smaller
diameter. Pit membrane pores could not be detected in the margo using SEM (Jansen
et al. 2007). Measurements indicate both torus and aperture tend toward circular
(circularity ratios of 0.88 and 0.8, respectively), and the average diameter was
greater for torus than aperture indicating a complete seal during aspiration in most
instances (Jansen et al. 2007). Interestingly, measurements of pits in Cercocarpus
montanus indicate tight scalings between tori and pit dimensions similar to that of
torus-bearing pit membranes in gymnosperms (Dute et al. 2010a). For example, in
Cercocarpus the torus represents 46 % of pit membrane diameter compared to 48 %
for three species of Pinaceae and to 45 % in enlarged tracheids of Douglas-fir
(Domec et al. 2006; Hacke and Jansen 2009). Values for torus overlap in C. monta-
nus are also similar to torus overlap in gymnosperms (Hacke et al. 2004; Hacke and
Jansen 2009). The average torus overlap for C. montanus (0.3 for tracheids and 0.26
for vessel elements) agrees with Hacke et al. (2004) who hypothesized a maximum
pit conductivity in gymnosperms for a torus overlap between 0.21 and 0.38.

Recent physiological data exist for water flux through tracheary elements of
Cercocarpus. Wheeler et al. (2005) conducted a study of safety versus efficiency
trade-off with regard to water stress-induced cavitation. The authors chose various
species within the Rosaceae including Cercocarpus ledifolius and C. montanus.
It was found that cavitation resistance and transport efficiency are controlled by
total pit area per vessel. The greater the pit area, the lower the Psy, where this term
represents the xylem pressure inducing 50 % loss of hydraulic conductivity.
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By decreasing pit area per conduit, average size of the largest pore per vessel is
reduced thus increasing the air-seeding pressure. On the debit side, greater safety
leads to decreased water transport efficiency. It was not until 2007 that tori in
Cercocarpus pit membranes were reported by Jansen et al. Thus, Wheeler et al. in
2005 assumed the pit membranes in Cercocarpus to be homogeneous. Experiments
showed relatively high Ps, values for C. betuloides (=7.5 MPa), C. ledifolius
(4.9 MPa), and C. montanus (-5.8 MPa) (Wheeler et al. 2005; Hacke et al. 2006).
Rather than preventing rupture during aspiration or providing an impermeable seal,
the torus in angiosperm pit membranes could function simply by reducing perme-
able area of the membrane surface (q.v. discussion in Dute et al. 2010a).

5.4 Ulmaceae/Cannabaceae

Wheeler (1983) was the first to observe tori in pit membranes associated with vascu-
lar tracheids and possibly narrow diameter vessel members in species of Ulmus and
Celtis. When a pit membrane connected a vascular tracheid to a vessel element, a
thickening was produced only on the pit membrane surface of the former cell.
Wheeler suggested that the torus could prevent membrane tearing during displace-
ment. Dute and Rushing (1990) were able to confirm torus thickenings involving
both vascular tracheids and small diameter vessel members in U. alata, C. laevigata,
and C. occidentalis. Jansen et al. (2004) investigated woods of 19 species of the
Ulmaceae and observed tori in ring porous species from cold, temperate climates but
not from diffuse porous species of (sub)tropical environments. They noted that torus-
bearing pit membranes were restricted to narrow diameter tracheary elements, which
also possessed distinct helically thickened walls. The authors hypothesized that
although possessed of low conductivity, these narrow diameter tracheary elements
provided greater resistance to freezing-induced cavitation. A later study regarding
Planera aquatica, also a member of the Ulmaceae, located tori in narrow diameter
tracheary elements of the wood (Dute et al. 2004). In this species as well, the cells in
question possessed well-developed helical wall thickenings and were thought to pro-
vide a reserve water-conducting system. Thickened tori would either prevent mem-
brane tearing during aspiration and/or provide a tight seal against an aperture (Dute
et al. 2004). A point of interest is that P. aguatica (as the name suggests) is found
growing in swamps in the southeastern United States (Radford et al. 1968).

Type of Imagining

Carbon/metal replicas viewed by transmission electron microscopy: 1B, 7A, 11A, B.

Resin-embedded, ultrathin sections stained with uranyl acetate and lead citrate and
viewed by transmission electron microscopy: 2A, B, C, F, 4A, B, C, D, E, 5A, B,
C,6A,8A,B,C,9A,B,C,E, G, 10A,B, C, 12A, B, C, D.

Scanning electron microscopy of metal coated surfaces: 1C, 1D, 3B, C, 9D, F.

Atomic force microscopy: 2D, E, 6B, 7B, 11C.

Sectioned, stained, and viewed by light microscopy: 3A, D.
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Chapter 4
The Hydraulic Architecture of Populus

Uwe G. Hacke

1 Populus as a Model System for Studying Plant Hydraulics,
Wood Development, and Other Aspects of Tree Biology

Tree species of the genus Populus (poplars, cottonwoods, aspens) have a wide natural
distribution in the Northern Hemisphere. Trembling aspen (P. tremuloides) is the
most widely distributed tree species in North America. Populus species are among
the fastest-growing temperate trees, consistent with their role as vegetational pio-
neers (Eckenwalder 1996). Hybrid poplar and aspen genotypes are used as a source
of fiber, fuel, and shelter (Fig. 4.1). Riparian cottonwoods provide stream-bank sta-
bilization and wildlife habitat (Rood et al. 2003). Aspen and other Populus species
are used in land reclamation (Pinno et al. 2012). Populus is also a model organism
for the study of tree biology (Bradshaw et al. 2000; Mellerowicz et al. 2001; Cooke
and Rood 2007). Many physiological, cell biological, molecular, and genomics
tools are available to study wood development and other biological processes
(Jansson and Douglas 2007; Groover et al. 2010).

From a water relations perspective, P. trichocarpa has been used as a model sys-
tem to better understand the role of aquaporins in embolism repair (Secchi and
Zwieniecki 2011). Many ongoing and completed studies have focused on hydraulic
traits of Populus species (Hacke et al. 2012) and on the effects of elevated CO, con-
centration on water use (Uddling et al. 2008). While gene expression in the vascular
cambium has been extensively studied (e.g., Goue et al. 2008; Zhong et al. 2011), a
goal for future work will be to identify gene candidates that impact important xylem
hydraulic and structural traits such as vessel diameter and length.
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Fig. 4.1 An aspen plantation in Alberta, Canada at the beginning of the growing season. Leaves
are still unfolding. Photo: U. Hacke

2 Wood Anatomy and Water Transport

2.1 General Characteristics of Poplar Xylem

The wood of most Populus species is diffuse porous and light in weight (Blake et al.
1996; Telewski et al. 1996). Poplar wood consists of about 50 % cellulose, 30 %
hemicellulose, and 20 % lignin (Balatinecz et al. 2001). In terms of cellular compo-
sition, poplar xylem includes vessels with simple perforation plates for water trans-
port and fibers for mechanical support of the plant body (Fig. 4.2). Vessel elements
of hybrid poplar saplings had a length of 0.23 mm; mean vessel length was 3-5 cm
(Plavcova et al. 2011; Plavcova et al. 2013). Fibers had a mean length of 0.58 mm
(Plavcova et al. 2011), similar to what was reported for another hybrid poplar clone
(Arend and Fromm 2007). For mature poplar wood, the average length of vessel
elements is in the range of 0.58-0.67 mm; average fiber length is ~1.3 mm. Fiber
width is ranging between 24 and 32 pm (Telewski et al. 1996; Balatinecz et al. 2001;
Groover et al. 2010).

Fiber structure in a xylem cross section is rarely homogeneous due to differences
in fiber diameter and the presence of tension wood. Tension wood is characterized
by the presence of gelatinous fibers. These fibers have an additional gelatinous
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Fig. 4.2 Xylem cross section
of hybrid poplar (clone
H11-11) stained with
toluidine blue. F: wood
fibers; P: ray parenchyma
cells; V: vessel elements.
Arrows point to intervessel
pits; arrow heads point to
ray-vessel pits. Scale
bar=25 pm. Photo:

L. Plavcova

layer, the G-layer, on the lumen side of the cell wall. The G-layer consists mainly of
cellulose but may also include hemicellulose and other components (Arend 2008).

Vessel diameters vary widely, depending on the plant organ being studied, the
age of the tree, and environmental factors (Hacke and Sauter 1996; Hajek et al.
2014). In two hybrid poplar clones, the mean vessel diameter increased from leaves
to roots (Fig. 4.3), a pattern consistent with previous observations on free standing
plants and proposed hormonal mechanisms of vascular differentiation (Aloni and
Zimmermann 1983). By contrast, vessels of lianas tend to be wider in stems than in
roots (see Table 6.1 in Chap. 6).

Populus species typically experience a substantial amount of native embolism
during the growing season (Sperry et al. 1994; Tyree et al. 1994; Schreiber et al.
2013), which is consistent with reports that water transport occurs mainly in the
outermost growth rings (Blake et al. 1996). This is also confirmed by dye perfusion
experiments. Figure 4.4 shows a xylem cross section of a branch that was collected
at a plantation in Alberta at the end of the growing season. Staining indicates that
outer growth rings had mostly functional xylem while vessels in inner rings were
mostly embolized. After vessels become embolized, they may be occluded by tylo-
ses and phenolics (Fig. 4.5). Tyloses in Populus species are not frequently reported
but have been observed as a response to wounding (Telewski et al. 1996) and have
also been found in vessels of genetically modified low-lignin trees (Kitin et al. 2010).

Vessels are often arranged in radial clusters. Walls of adjacent vessels are
connected via numerous intervessel pits (Fig. 4.2, arrows). Vessels and ray
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Fig. 4.3 Mean vessel diameters measured in different plant organs of the hybrid poplar clones
“Green Giant” and P38P38. Samples were taken from roots and trunks of 6-year-old plantation
trees (n=6-8 trees) as well as from stems (n=12-17 plants) and petioles (n=4 plants) of 3-month-
old plants. Means + SE. Green Giant had consistently wider vessels than P38P38. Data from plan-
tation trees is from Schreiber, Marceniuk, Hacke, Lowe & Thomas (unpublished manuscript). Data
from 3-month-old plants is from Chamberland, Hacke, Schreiber & Thomas (unpublished manu-
script) and Brocious & Hacke (unpublished manuscript)

Fig. 4.4 Branch xylem of a hybrid poplar tree (clone DTAC 24) at the end of the growing season.
The branch segment was cut under water and was subsequently perfused with safranin solution.
The outer growth ring was stained red, indicating the presence of many functional vessels. By
contrast, many vessels in inner growth rings were nonfunctional (not stained). Branch xylem of
this clone had on average ~48 % embolism when the dye perfusion experiment was conducted.
Scale bar=1 mm. Photo: S. Schreiber
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Fig. 4.5 Earlywood vessels
of the hybrid poplar clone
“Walker.” The section was
taken from the trunk.
Asterisks mark vessel
occlusions, which probably
represent tyloses. The tree
was growing in a plantation
in Alberta, Canada. It had
experienced several winters
and many freeze—thaw cycles,
which probably caused
freezing-induced embolism.
Scale bar=100 pm. Photo:
U. Hacke
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parenchyma cells are also connected via pits (Fig. 4.2, arrow heads). Immunolabeling
studies on poplar indicated that intervessel and vessel-ray pits have a different
chemical composition. In contrast to intervessel pits, membranes of vessel-ray pits
are rich in pectins (Plavcova and Hacke 2011; Kim and Daniel 2013).

The xylem contains a three-dimensional network of living cells, consisting of
uniserate (only one cell wide) rays and axial parenchyma cells. Ray cells in Populus
account for 11 % to 14 % of the total wood volume (Balatinecz et al. 2001).
Parenchyma has multiple functions including storage and distribution of food mate-
rials, exchange of solutes with vessels, and the compartmentalization and sealing of
wounds (Chap. 8; Sauter et al. 1973; Kitin et al. 2010). Ray parenchyma includes
contact and isolation cells. Contact cells facilitate the exchange of solutes and water
with vessels (see later) and exhibit high levels of respiratory and enzymatic activity
(Telewski et al. 1996). Isolation cells lack contact with vessels and are adapted for
radial translocation (Sauter and Kloth 1986).

2.2 Transport Efficiency

Transport efficiency can be defined as hydraulic conductance (flow rate per pressure
difference for water at 20 °C). Normalizing by stem length yields hydraulic conduc-
tivity (K},), which is the ratio of water flux through an excised stem segment and the
pressure gradient causing the flow (Tyree and Ewers 1991; Sperry et al. 2006).
Hydraulic conductivity can be measured with a conductivity apparatus (Sperry et al.
1988). When measuring K, it is useful to consider that water not only flows
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through the conduit lumen but also through the pits of the conduit end walls.
End walls contribute on average more than half of the total conduit flow resistivity
(Sperry et al. 2006). It follows that Kj, should be measured on longer segments that
include many vessel ends. Most conductivity measurements reported in this chapter
were done on segments that were 14 cm (in some cases 27 cm) in length, and this is
longer than the length of most vessels, at least in diffuse-porous branches (Jacobsen
et al. 2012). This length has been used frequently because of the size of the centri-
fuge rotors used to measure vulnerability to cavitation curves (Hacke et al. 2006;
Jacobsen et al. 2007).

2.2.1 Xylem Area-Specific Conductivity

When hydraulic conductivity is divided by the sapwood area, we obtain the xylem
area-specific conductivity, Ks, which is a proxy of the porosity of the stem segment
(Tyree and Ewers 1991). The Ks of well-watered greenhouse or growth chamber-
grown hybrid poplar saplings typically ranges from ~5 to 8 kg s™! m™' MPa™!
(Voelker et al. 2011; Plavcova and Hacke 2012), which is high for diffuse-porous
xylem (Fig. 4.6a). Flushed branch segments of hybrid poplar and trembling aspen
trees growing at a boreal planting site exhibited specific conductivities between 1
and 2 kg s™! m™' MPa™! (Schreiber et al. 2011).

Trends in K correspond with the mean vessel diameters measured in these plant
groups. Branches of field-grown aspen and hybrid poplar genotypes exhibited mean
vessel diameters between ~25 and 31 pm (Figs. 4.6b, and 4.7). These values are
lower than those measured in hybrid poplar plants growing in the growth chamber.
Growing conditions therefore had a strong effect on K and vessel diameters. Vessels
were narrower under field conditions, probably because field-grown trees experi-
enced more negative water potentials and were subjected to other stress factors that
were absent in the growth chamber.

Xylem-specific conductivity was positively correlated with the maximum attain-
able height of a species and with leaf-to-xylem area ratios across Australian angio-
sperm species (Gleason et al. 2012). A positive correlation between the Kg of
branches and growth rate was found in genetically distinct aspen populations grow-
ing in a common garden experiment in Germany (Hajek et al. 2014). Similarly, a
study on P. deltoides x P. nigra genotypes revealed that vessel diameter and theoreti-
cal xylem-specific conductivity correlated positively with stomatal conductance and
stem height (Fichot et al. 2009).

However, recent studies involving Populus genotypes found a negative correla-
tion between the mean vessel diameter in branch xylem and growth, and this may be
related to the occurrence of freezing-induced embolism. At a boreal planting site,
trees with narrow xylem vessels exhibited reduced freezing-induced embolism and
showed superior performance after 16 growing seasons (Schreiber et al. 2011;
Schreiber et al. 2013) (Fig. 4.7a, b). This finding suggests that vessel diameter could
impact plant function in boreal environments, and that narrow vessels can be advan-
tageous when plants face drought or freezing stress (Schreiber, Hacke, Hamann, in
press).
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Fig. 4.6 Box plots showing xylem area-specific conductivity, Ks (a) and mean vessel diameters
(b) for different plant groups. Vertical center lines represent the medians; box limits indicate the
25th and 75th percentiles; whiskers extend to the 10th and 90th percentiles as calculated by
SigmaPlot 10. Outliers are shown as open circles. The numbers in parentheses refer to the sample
size. Data for diffuse-porous, ring-porous, and liana species is from Hacke et al. (2006), Li et al.
(2008), and Lens et al. (2010). K values refer to flushed segments that were typically >14 cm in
length. Data for trembling aspen and hybrid poplar trees is for branches collected from field-grown
plantation trees (Schreiber et al. 2011). Data for hybrid poplar saplings (Hybrid poplar, green-
house) refers to well-watered plants growing in a growth chamber (Plavcova and Hacke 2012) or
greenhouse (Harvey and van den Driessche 1997)
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Fig. 4.7 Correlations between mean native embolism measured in May of 2011 and mean vessel
diameter (a) as well as tree height (b) for seven hybrid poplar clones grouped by performance.
The clone “Walker” is shown as a reference. Clones with poor performance exhibited wider
vessels and had higher embolism levels than clones showing average or high growth. From
Schreiber et al. (2013)
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2.2.2 Leaf-Specific Conductivity

Leaf-specific conductivity (LSC) refers to the hydraulic conductivity of a stem seg-
ment divided by the leaf area distal to the segment and is a useful measure of the
hydraulic “sufficiency” of the segment to supply water to leaves (Tyree and Ewers
1991). The higher LSC is, the lower the water potential gradient across the plant to
maintain a particular transpiration rate (Chap. 6, Table 6.2). Via its potential impact
on leaf water potential, LSC may be related to gas exchange and meristem growth
(Brodribb et al. 2002; Tyree and Zimmermann 2002).

LSC for field-grown hybrid poplar and aspen trees was well within range of val-
ues reported for Acer and Quercus species (Woodrum et al. 2003; Maherali et al.
2006; Bhaskar et al. 2007). Hybrid poplar clones tended to have higher leaf-specific
conductivities than aspen genotypes, consistent with a tendency for higher leaf-to-
xylem area ratios and more negative leaf water potentials in aspen compared with
hybrid poplars (Schreiber et al. 2011).

As mentioned, greenhouse-grown hybrid poplar saplings had wider vessels and
more efficient xylem than field-grown trees. However, since plants grown in a con-
trolled environment also exhibited much higher leaf areas per unit xylem area than
field-grown trees, LSC values of greenhouse and field-grown hybrid poplar plants
were similar. Extremely high leaf-to-xylem area ratios and growth rates were found
in hybrid poplar saplings receiving high N fertilization (Hacke et al. 2010). Such
high leaf-to-xylem area ratios developed because plants were kept well watered,
shoots were structurally supported by stakes, and because of very high xylem-
specific conductivities.

The picture emerging from the work on hybrid poplars is that K, vessel diame-
ters, and leaf-to-xylem area ratios are quite variable depending on growing condi-
tions, while variation in LSC is more constrained. Given the link between LSC and
water potential gradients, this pattern is consistent with the need to maintain water
potential homeostasis. Efficient control of the water potential range is required to
minimize xylem cavitation (Hacke and Sauter 1995; Schreiber et al. 2011).

2.3 Transport Safety

Over a wide range of taxa, agreement exists between cavitation resistance and the
water potential range plants experience in the field (Chap. 7, Fig. 7.2; Pockman and
Sperry 2000; Jacobsen et al. 2005; Pratt et al. 2007; Choat et al. 2012). Plants that
experience higher levels of water stress are typically more resistant to cavitation
than plants whose water potential always remains favorable. Poplars generally pre-
fer sites with an abundant and continuous supply of moisture (Heilman et al. 1996).
Among woody plants, poplars are among the most drought susceptible and their
productivity is associated with large water requirements (Silim et al. 2009). It is
therefore not surprising that most Populus species are highly vulnerable to cavitation
with 50 % loss of xylem conductivity occurring between—1 and—2.5 MPa (Fig. 4.8).
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Fig. 4.8 Cavitation resistance of different plant groups. Cavitation resistance is expressed as the
xylem pressure inducing 50 % loss of hydraulic conductivity (Psp). The vertical center lines in the
box plot represent the medians; box limits indicate the 25th and 75th percentiles; whiskers extend
to the 10th and 90th percentiles as calculated by SigmaPlot 10. Outliers are shown as open circles.
The numbers in parentheses refer to the sample size. Values for diffuse-porous, ring-porous, and
liana species is from Hacke et al. (2006). Data for trembling aspen and hybrid poplar trees is for
branches collected from field-grown plantation trees (Schreiber et al. 2011). Data for hybrid poplar
saplings (Hybrid poplar, greenhouse) refers to well-watered plants growing in a growth chamber
(Plavcova and Hacke 2012) or greenhouse (Harvey and van den Driessche 1997)

While poplar xylem tends to be highly vulnerable to cavitation, differences between
species and genotypes exist. A number of case studies shed light on how cavitation
resistance impacts the way different Populus species cope with drought.

The cottonwood species P. deltoides and P. fremontii are adapted to riparian
zones in semiarid regions. A common characteristic of these species is the patchy
canopy architecture in which branch dieback is common (Fig. 4.9). The xylem of
P. deltoides and P. fremontii is exceptionally vulnerable to xylem cavitation (Tyree
et al. 1994), consistent with trees being restricted to stream-side zones along peren-
nial streams (Rood et al. 2000). The extreme vulnerability to cavitation can be inter-
preted as adaptive: Cavitation in small branches may precede branch dieback. This
would reduce transpirational water loss, enabling maintenance of favorable water
potentials in surviving plant parts (Rood et al. 2000). This proposed model assumes
a nonuniform pattern of cavitation across branches.

In contrast to riparian cottonwoods, aspen can grow in seasonally drier habitats
and typically exhibits more negative water potentials than other Populus species
(Schreiber et al. 2011; Galvez et al. 2013). Blake et al. (1996) noted that P. tremuloides
stems had more resistant xylem than P. deltoides, P. angustifolia, P. balsamifera, and
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Fig. 4.9 A cottonwood tree (Populus deltoides) growing along the South Saskatchewan River,
Alberta. The photograph shows the extensive branch and crown dieback that is typical of this spe-
cies. From Rood et al. (2000)

other poplar species. The greater cavitation resistance of aspen xylem relative to
other Populus species and their hybrids has been confirmed in subsequent studies
(Hacke et al. 2001b; Cai and Tyree 2010; Arango-Velez et al. 2011; Schreiber et al.
2011; Anderegg et al. 2013) and is illustrated in Fig. 4.8. Working with aspen sap-
lings, Cai and Tyree (2010) found a tight correlation between vessel diameter and
vulnerability to drought-induced cavitation. Narrow vessels tended to be more resis-
tant than wide conduits, allowing the authors to predict variations in vulnerability
curves from vessel diameter data. While this may be possible for stems of a single
species when plants grow under uniform conditions, such a correlation cannot
always be expected in field-grown trees and when different species are compared
(Hacke et al. 2006; Lens et al. 2010).

Despite the high tolerance of aspen to climatic stress (Lieffers et al. 2001), aspen
forests have recently experienced unusual dieback and mortality (Worrall et al.
2013). Mortality occurred in the southwestern United States (Worrall et al. 2010)
and in the aspen parkland region of Alberta and Saskatchewan (Michaelian et al.
2011). The aspen parkland varies in climatic suitability for aspen, but suitability in
nearly all of the parkland area decreased greatly in recent times (Worrall et al.
2013). The analysis of Worrall et al. (2013) indicates that exceptional drought epi-
sodes were a major cause of the decline episodes, and that aspen is sensitive to
drought in much of its range. Sudden aspen decline (SAD) is not primarily induced
by pathogens or changes in nonstructural carbohydrate reserves but is associated
with high embolism levels of branches and roots (Anderegg et al. 2012).
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However, there can be lags between drought stress and mortality rates. Extended
multiyear tree mortality following drought suggests that hydraulic failure could be
a gradual, longer term process as opposed to a sudden, catastrophic event. Anderegg
et al. (2013) documented a major role of accumulated hydraulic changes. Although
SAD-affected and healthy ramets experienced similar water potentials, SAD
branches exhibited increased vulnerability as a consequence of previous cavitation
damage, a phenomenon known as “cavitation fatigue” (Hacke et al. 2001b).
Therefore, even if aspen trees refill embolized vessels, these vessels will remain
more vulnerable to future drought episodes than the vessels of healthy trees.

2.4 Stomatal Control of Water Loss

Stomatal behavior plays an important role in avoiding excessive levels of xylem
embolism (Tyree and Sperry 1988; Jones and Sutherland 1991). Based on the analy-
sis of Blake et al. (1996), many poplar species maintain a very small margin of
safety from runaway cavitation in their native habitat. The responsiveness of sto-
mata to changes in leaf water potential therefore plays a critical role in the water use
strategies of Populus genotypes.

Interestingly, poplar species and their hybrids vary tremendously in their stoma-
tal sensitivity to water deficits (Schulte et al. 1987; Ceulemans et al. 1988; Silim
et al. 2009; Almeida-Rodriguez et al. 2010). Some species have been classified as
isohydric while others were anisohydric, i.e., their leaf water potential exhibited a
strong decrease with evaporative demand and/or soil drought. Sparks and Black
(1999) examined four populations of the riparian species P. trichocarpa growing
across a gradient in humidity and temperature. Populations from drier environments
tended to exhibit higher resistance to drought-induced xylem cavitation than popu-
lations from moist environments. Trees from moist sites maintained higher stomatal
conductances at leaf water potentials <—1.5 MPa than trees from dry sites. Some
trees did not close stomata sufficiently to avoid cavitation. Sparks and Black (1999)
concluded that individuals with nonresponsive stomata and vulnerable xylem can
only persist in moist environments.

By contrast, P. balsamifera trees in Germany exhibited isohydric behavior. On
days when evaporative demand was very high, stomata closed to maintain water
potentials near the threshold at which xylem cavitation started to occur (Hacke and
Sauter 1995). Isohydric behavior was also reported for P. euramericana (Tardieu
and Simonneau 1998) and P. tremuloides (Hogg et al. 2000; Lieffers et al. 2001;
Galvez et al. 2011).

Studying stomatal responses of nine poplar clones, Silim et al. (2009) found that
drought-tolerant clones had lower stomatal conductance and closed their stomata
more gradually than sensitive clones. Another study examined stomatal responses
to drought and vulnerability to cavitation in hybrid poplar and balsam poplar clones
(Arango-Velez et al. 2011). Based on its stomatal responses and relatively low vul-
nerability to cavitation, balsam poplar was considered the most drought tolerant of
the examined clones. Other hybrid poplar clones exhibited poor stomatal control
despite being relatively sensitive to cavitation.
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In addition to genetic differences, stomatal sensitivity can be affected by growing
conditions. A period of water stress preconditioning resulted in modified stomatal
closure in P. trichocarpa leaves (Schulte and Hinckley 1987). Leaves previously sub-
jected to water stress were capable of at least partial closure of stomata when turgor
was lost from guard cells. By contrast, stomatal aperture remained nearly constant
over a wide range of water potentials in leaves that had not previously experienced
water stress. In a hybrid poplar clone, leaves growing at high relative humidity had
larger stomatal length and aperture than leaves of plants growing at lower relative
humidity (Laur and Hacke 2013). After application of abscisic acid to leaves, the pore
apertures of high humidity plants remained larger than those of control plants indicat-
ing that high humidity plants exhibited incomplete closure (Fig. 4.10a—d).

Fig. 4.10 Light microscope images of stomata from poplar leaves growing in moderate (a) and
high relative humidity (b). The images were taken from the abaxial side of the leaves. Leaves that
developed under high humidity had larger stomatal length and aperture. While application of
100 pM abscisic acid (ABA) triggered stomatal closure in plants growing at moderate humidity
(c), the large stomata of high humidity grown plants failed to close fully (d). Bars=10 pm. From
Laur and Hacke (2013)
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2.5 Phenotypic Plasticity

While we have begun to identify key genes involved in the regulation of secondary
vascular growth (Groover et al. 2010; Spicer and Groover 2010; Zhong and Ye
2013), much remains to be learned about environmental influences on wood forma-
tion (e.g., Lautner 2013). With regards to xylem transport physiology, Telewski et al.
(1996) posed the question if vessel structure could be altered in such a way that the
xylem would become less vulnerable to cavitation. Indeed, we know that cavitation
resistance of Populus species can be impacted by environmental conditions (Harvey
and van den Driessche 1997; Awad et al. 2010; Fichot et al. 2010; Hacke et al. 2010).
In recent years, we have learned much about phenotypic plasticity of cavitation
resistance and related structural traits. A series of experiments was conducted with
hybrid poplar plants growing at different levels of water availability, light, and nitro-
gen fertilization (Plavcova and Hacke 2012). Stem segments were sampled from two
different positions along the plant’s main stem to assess developmental plasticity.
One set of segments was taken from a basal region of the stem. Another set of seg-
ments was sampled at a position closer to the apex of a plant (“distal” segments).
Across all treatments, the amount of leaf area supported by stem segments scaled
linearly with stem native hydraulic conductivity, suggesting that the total leaf area
was constrained by the xylem transport capacity. The Ps, ranged from —1.71 MPa to
—0.15 MPa depending on treatment and segment position. Across all treatments, Ps,
was tightly correlated with wood density (Plavcova and Hacke 2012). The following
is a summary of what we learned from these and many other experiments.

2.5.1 Water Availability

Basal segments taken from plants grown under drought conditions had narrower
vessels and lower K than well-watered control plants (Plavcova and Hacke 2012).
The Ps, was not significantly different. By contrast, distal segments of drought-
stressed plants were more resistant to cavitation than distal segments of control
plants. Others reported an increase in cavitation resistance in response to drought in
some, but not all clones that were tested (Awad et al. 2010; Fichot et al. 2010).

Water availability can affect wood growth through effects on cell division and
cell expansion and via effects on photosynthesis and photosynthate allocation to the
cambium. Since the expansion of vessel elements and fibers is driven by turgor pres-
sure, vessel and fiber diameters in newly formed xylem should be sensitive to the
water status of the plant during periods of high cambial activity. This was confirmed
by several studies (Arend and Fromm 2007; Bogeat-Triboulot et al. 2007). Arend
and Fromm (2007) also observed deformation of vessel elements in the newly
formed xylem of drought-treated trees.

Given that narrow vessels can be more resistant to drought-induced cavitation than
wide vessels within a stem (Harvey and van den Driessche 1997; Cai and Tyree 2010),
it is not surprising that drought sometimes results in greater cavitation resistance.
Since narrower (and fewer) vessels also tend to be less conductive than wide conduits,
gains in cavitation resistance may be accompanied by reduced transport efficiency.
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2.5.2 Nitrogen (N) Availability

The influence of N on xylem traits has been extensively studied and some key find-
ings have emerged. Plants receiving high levels of N (high N plants) exhibited
enhanced growth, larger leaves, as well as wider vessels and fibers (Harvey and van
den Driessche 1999; Plavcova et al. 2013). Pitre et al. (2007) reported that high N
plants produced fibers that were wider and shorter compared to the adequate N treat-
ment. There was also a slight tendency for longer vessels (as well as vessel elements)
in high N plants (Plavcova et al. 2013, their Fig. S1). These anatomical differences
were paralleled by higher Ky in high N plants compared with plants receiving only
adequate N fertilization (adequate N plants) (Hacke et al. 2010; Plavcova et al.
2013). Further, high N plants had lower wood densities and were more vulnerable to
cavitation than adequate N plants. Distal segments of high N plants were extremely
vulnerable and exhibited an exponentially shaped curve (Fig. 4.11a, open circles).
For each treatment, vulnerability curves generated by the standard centrifuge method
(Hacke et al. 2015) were in good agreement with the native embolism values plotted
against the native xylem pressure (Fig. 4.11b, squares).

Differences in xylem phenotype between high and adequate N plants were
underpinned by changes in transcription of hundreds of genes in the developing
xylem region (Plavcova et al. 2013). Gene candidates were identified that may
affect vessel dimensions and cell wall thickness, although detailed functional char-
acterization of these genes in poplar will be required to corroborate the proposed
functions.

The form of N taken up by plants (NO;~ versus NH,*) was recently found to
impact many physiological and morphological parameters (Cirelli 2014). Growth
was reduced in NH,*-fed plants compared with NO;™-fed plants. Large differences
were also found in the vessel diameters of roots and in root diameter.

When interpreting some of the findings described above, it is important to con-
sider that most of the work described here has been done in the greenhouse or
growth chamber while plants were kept well watered. Concern has been expressed
that fertilization may increase the susceptibility of hybrid poplars to drought stress
(Harvey and van den Driessche 1999; DesRochers et al. 2007). More work is needed
to study the potentially complex interactions between N fertilization and water
availability.

2.5.3 Light Availability

The effect of shading on xylem structure and function was studied in 3-month-old
hybrid poplar saplings (Plavcova et al. 2011). Shading resulted in more vulnerable
and less efficient xylem. Increased vulnerability of shaded plants was associated
with thinner intervessel pit membranes. Vessels of shaded plants were narrower and
longer than in control stems. Shaded plants also had much lower LSC than control
plants. Wood density was also lower in shaded plants. The xylem of shaded plants
therefore appears less optimized from a hydraulic standpoint (Hacke 2014).
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Fig. 4.11 Vulnerability to cavitation curves (circles) and native values of percentage loss of con-
ductivity (PLC) plotted against the native xylem pressure (squares) for basal (filled symbols) and
distal (open symbols) stem segments in hybrid poplar saplings grown under (a) high N and (b)
adequate N fertilization. Note the profoundly different shape of the vulnerability curves in distal
segments (open circles), ranging from sigmoidal to exponential. Centrifuge-generated curves agreed
well with native PLC data. Means +SE are shown. Replotted from Plavcova and Hacke (2012)

2.5.4 Salt Stress

After two weeks of salt stress, leaves of hybrid poplar saplings exhibited brown
lesions and turned yellow. Salt-stressed plants developed fewer radial cell layers in
the cambial zone and narrower vessels than control trees (Escalante-Pérez et al.
2009). Junghans et al. (2006) reported that high salt concentrations reduced cambial
activity and vessel diameters of P. X canescens plants.
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Auxin is one of the factors affecting vessel diameter (Junghans et al. 2004). The
wider vessel diameters of nonstressed P. X canescens plants may be associated with
higher indole-3-acetic acid (IAA) concentrations in the xylem of control plants
(Junghans et al. 2006). Salinity may also cause increased ABA synthesis and accu-
mulation, which in turn may modulate various physiological processes related to
plant hydraulics (Escalante-Pérez et al. 2009; Shatil-Cohen et al. 2011).

2.5.5 CO, Concentration

The increases in atmospheric CO, concentrations observed in recent decades in
conjunction with changing temperature and precipitation patterns will likely cause
significant alterations in plant water relations (for a detailed analysis, see Chap. 9).
Free-air CO, enrichment (FACE) experiments with trembling aspen and
Populus x euramericana showed that long-term exposure to elevated [CO,] resulted
in greater whole-plant transpiration (Uddling et al. 2008; Tricker et al. 2009).
Higher [CO,] led to lower stomatal conductance on the leaf level while total leaf
area increased. Interestingly, elevated [CO,] may also increase fine root biomass,
especially at deeper soil depths (Norby and Zak 2011, and literature cited therein).
Four-year-old P. deltoides trees growing at elevated [CO,] had greater sap flux per
stem area and higher leaf area/sapwood area ratios than plants growing at ambient
[CO,] (Bobich et al. 2010). High CO, trees had lower wood densities than trees
growing at ambient CO,. Vessel diameters were not different.

At a European FACE site, trees growing at elevated [CO,] had smaller percentages
of cell wall area and increased fiber diameters compared with plants at ambient [CO,]
(Luo et al. 2005). This finding agrees with the lower wood densities reported by
Bobich et al. (2010). Furthermore, elevated [CO,] was associated with increased per-
centages of ray parenchyma areas compared with ambient [CO,] (Luo et al. 2005).
There was a tendency for larger vessel diameters at elevated [CO,], suggesting that
trees growing at elevated [CO,] were more sensitive to drought. Trembling aspen trees
growing under elevated [CO,] for 11 years showed increased radial growth and vessel
diameters (Kostiainen et al. 2014). However, these responses to CO, were not consis-
tent throughout the experiment and were more often seen early in the experiment.
Future work will likely explore the complex interactions between [CO,] and various
abiotic and biotic factors, including temperature, drought, nutrients, ozone, and insects.

2.6 Effect of Low Lignin Content on Wood Structure
and Function

Considerable attention has been given to the potential to manipulate the lignin bio-
synthesis pathway of poplars to increase pulping efficiencies (Pilate et al. 2002;
Mansfield et al. 2012). The success of this pursuit will likely depend on getting a
better understanding of the role of lignin on the multiple functions of xylem within
living trees (Koehler et al. 2006). Lignin impacts both the mechanical and the
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hydraulic properties of wood. In the context of water transport, an important func-
tion of lignin is to support the xylem pipeline against implosion by negative pres-
sure (Sperry 2003). Large bending stresses can arise in the double wall between
water- and gas-filled (embolized) conduits (Hacke et al. 2001a). Across species, a
greater degree of mechanical strength is typically correlated with greater cavitation
resistance (Jacobsen et al. 2005; Pratt et al. 2007).

Decreased lignification can lead to premature cavitation and collapse of vessels
(Coleman et al. 2008). Voelker et al. (2011) reported that reduced lignification was
associated with increased vulnerability to cavitation and lower Ks. Lower hydraulic
conductivities were caused by collapsed vessels as well as noncollapsed vessels filled
with phenolics and/or tyloses (Kitin et al. 2010). Low lignin trees also showed more
frequent dieback and more frequent mortality than controls, probably as a result of
hydraulic failure (Voelker et al. 2011). It therefore seems that trees with lower lignin
content will be at risk for reduced growth and higher mortality, especially if grown in
environments with water limitations. Long-term field trials of low lignin trees will be
required to fully evaluate the effects of genetic modifications (Pilate et al. 2002).

3 Putative Functions of Aquaporins

Aquaporins (AQPs) are membrane transport proteins and their primary function is
to facilitate water movement across cell membranes; some AQPs also transport
other molecules (Maurel et al. 2008). As such, AQPs are interesting candidates to
investigate for their role in xylem development and xylem physiology. AQPs fall
into several homology subgroups. The plasma membrane intrinsic proteins (PIPs)
and the tonoplast intrinsic proteins (TIPs) can be distinguished based on sequence
similarity and subcellular localization. PIPs and TIPs represent the most abundant
AQPs in the plasma membrane and in the tonoplast, respectively.

Thirteen mammalian AQPs have been identified, and most of these have been
shown to transport water (Papadopoulos and Verkman 2013). AQP4, for instance, is
expressed at the borders between the brain and major water-containing compart-
ments, suggesting that AQP4 facilitates water flow into and out of the brain
(Papadopoulos and Verkman 2013).

Plants have a large number of AQP genes (Gomes et al. 2009). More than fifty
full-length aquaporin sequences have been identified in the Populus trichocarpa
genome (Gupta and Sankararamakrishnan 2009; Almeida-Rodriguez et al. 2010;
Lopez et al. 2012). Similar to human AQPs (Verkman 2012), water channels in
plants are involved in a wide range of physiological functions. This is particularly
evident in leaves where AQPs may impact both water and gas transport. In leaves of
P. trichocarpa, PIPs belonging to the PIP1 and PIP2 groups are present in vascular
tissue (Fig. 4.12b). However, PIPs also appear to be present in chloroplast mem-
branes of palisade parenchyma (Fig. 4.12a), suggesting that these channels conduct
CO, in addition to water (Herrera and Garvin 2011; Secchi and Zwieniecki 2013).

From a water relations perspective, TIP genes appear to play an important
role in reversing drought-induced reductions in leaf hydraulic conductance
(Laur and Hacke 2014). An obvious function of water channels in a stem cross
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Fig. 4.12 Confocal laser scanning micrographs showing the localization of PIP1 (a) and PIP2
proteins (b) in Populus trichocarpa leaf sections. PIP1 labelling is apparent in phloem and palisade
parenchyma cells. PIP2 labeling in phloem cells is mainly confined to the plasma membrane.
Images were taken at an identical setting and were color-coded with an intensity look-up table
(LUT; displayed in (a)), in which black was used to encode background, and blue, green, yellow,
red, and white to encode increasing signal intensities. P phloem, PP palisade parenchyma, SP
spongy parenchyma; X xylem. Scale bars =50 pm. Photo: J. Laur

section would be to facilitate the radial exchange of water between phloem, xylem,
and pith. The following sections discuss some specific putative functions of AQPs
in the context of xylem development and water transport.

3.1 Wood Formation

Genes encoding PIPs and TIPs are frequently found to be expressed in the cambial
region of poplar species (Schrader et al. 2004; Goue et al. 2008; Berta et al. 2010;
Nilsson et al. 2010; Song et al. 2011; Plavcova et al. 2013) and in bulk xylem tissue
(Hacke et al. 2010). RNA in situ hybridization revealed that AQPs were expressed
in developing xylem and phloem cells (including living fibers), and in rays
(Almeida-Rodriguez and Hacke 2012) (Fig. 4.13a). What is the biological function
of water channel proteins in these cells and tissues? Returning to some of the N
fertilization experiments mentioned above may provide some answers. As outlined
above, one of the effects of N fertilization on xylem structure is increased vessel
diameter. This suggests that the expansion of vessel elements occurs more rapidly
in high N plants than in adequate N plants. Cell expansion is driven by water uptake,
which in turn can be facilitated by AQPs.

Hacke et al. (2010) found that five PIP2s and two TIPs showed higher transcript
abundance under conditions of high N. All five of these PIP2s have been identified
as water transporters by a swelling analysis in oocytes (Secchi et al. 2009; Almeida-
Rodriguez et al. 2010). In another N fertilization experiment, three TIPs were
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Fig. 4.13 In situ mRNA
hybridization of an aquaporin
gene (PtPIP2;3) in stem
cross sections of Populus
plants. Regions of aquaporin
expression are indicated by
dark-purple staining. High
expression occurred in the
cambial region (a) and in ray
cells. Ray cells adjacent to
vessels showed particularly
strong labeling (arrows in
(b)). Expression extended
into the cell expansion zone.
cz cambial zone, p phloem, pi
pith, v vessel, x xylem.
Bars=100 pm. From
Almeida-Rodriguez and
Hacke (2012)

up-regulated in the cambial region of high N plants (Plavcova et al. 2013). Some or
all of these AQPs may facilitate water influx into newly formed cells during their
expansion and elongation phase. Further, when expressed in rays, these aquaporins
could facilitate radial transfer of water from functional vessels to the region of rapid
cell expansion (Groover et al. 2010; Hacke et al. 2010; Almeida-Rodriguez and
Hacke 2012). If this hypothesis were confirmed, AQP expression in the xylem could
be functionally linked with the development of wider vessels, which in turn could
have implications for transport efficiency and safety.

3.2 Vessel Refilling

While AQPs were expressed in a symplastic continuum extending from the peri-
derm to the pith, expression was particularly high in contact cells (Almeida-
Rodriguez and Hacke 2012) (Fig. 4.13b, arrows). This suggests that AQPs in these
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cells increase water exchange between apoplast and symplast, which necessarily
involves the crossing of cell membranes. Water could move from apoplast (vessel)
to symplast (contact cell) or vice versa, depending on the driving force.

A specific role of water channels in contact cells could be to facilitate the refilling
of embolized vessels (Sakr et al. 2003; Nardini et al. 2011). Expression levels of
several AQP genes were shown to increase during the refilling process (Secchi and
Zwieniecki 2010, 2011). While the refilling mechanism is still not completely
understood, it seems likely that the efflux of water out of contact cells (into vessels)
during refilling will be facilitated by up-regulation of water channels from the PIP
and TIP subfamilies (Secchi et al. 2011).

3.3 Root Water Uptake

In isohydric plants, stomatal control of water loss maintains leaf water potential
relatively constant during periods of water stress. However, plants can also modu-
late water uptake in a dynamic fashion (Siemens and Zwiazek 2004). AQPs can
modify root hydraulic conductance in response to changing environmental condi-
tions. Hybrid poplar plants were grown under contrasting irradiance and relative
humidity conditions, and were subsequently exposed to a sudden increase in tran-
spirational demand (Laur and Hacke 2013). Only 4 h after a sudden decrease in
relative humidity, there was a 75 % increase in the cumulative transcript copy num-
bers of six PIP genes in roots. This increase in transcripts was mainly due to a
twofold increase in the transcript copy numbers of the three PIP1 genes that were
studied.

In roots of control plants, PIP1 protein was present in epidermis and cortex cells
as well as in the endodermis and in vascular tissue (Fig. 4.14a). Weak labelling was
observed in roots of shaded plants (Fig. 4.14b). In contrast, root sections taken after
the increase in light level exhibited strong immunolabeling of the epidermis, endo-
dermis, and of cells adjacent to the endodermis. Labelling was particularly abundant
after 28 h when a continuous fluorescence signal occurred in the epidermis
(Fig. 4.14c, d). A similar trend was observed in plants that were exposed to decreas-
ing humidity (Fig. 4.14e—g), although strong signals were already detected after 4 h.

4 Root System

Many aspects of the water use strategy and whole-plant physiology of Populus spe-
cies are linked to the structure and function of the root system; yet the root systems
of Populus remain the most poorly understood portion of the plant (Pregitzer and
Friend 1996). An important variable for water uptake is the spatial distribution of
roots. Horizontal poplar roots can be found several tree lengths away from the stem.
Vertical “sinker” roots appear to be common and may allow water uptake during
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Fig. 4.14 Immunolocalization of PIP1 protein in root cross-sections of a hybrid poplar plant.
Transverse sections were taken at 25-30 mm from the root tip. The intensity of the red color is
equivalent to the abundance of PIP1 protein. (a) Roots of control plants growing at full light in the
growth chamber. (b)—(d) Roots of shaded plants before (b) and after a step change in light level (c,
d). (e)—(g) Roots of plants growing at high relative humidity before (e) and after a step change in
humidity (f, g). (h) Control with no primary antibody indicates minimal background autofluores-
cence. co cortex, ed endodermis, ep epidermis. Bars=100 pm. From Laur and Hacke (2013)
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periods when the soil surface contains little extractable water (Pregitzer and Friend
1996). Rooting depth of >2 m were reported for phreatophytic trees such as Populus
fremontii (Stromberg 2013).

In aspen, intra- and inter-clonal root connections occur, which can play a role in
the sharing of water and other resources. When the aboveground trees die following
a stand-replacing disturbance, shallow roots are the main source of suckers that
reestablish the next stand (Lieffers et al. 2001). Regeneration from an established
root system seems to be a more reliable means of reproduction in water-stressed
environments than from seed.

In the boreal forest, aspen is often confined to the warmest positions on the land-
scape. There is virtually no root growth of aspen at soil temperatures lower than
6 °C (Lieffers et al. 2001). Growth inhibition of aspen in cold soils appears to be
caused by reduced root water flow (Wan et al. 1999). Membrane permeability and
water viscosity reduce the ability of roots to deliver water to the foliage at low root
temperatures.
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Chapter 5
Grapevine Xylem Development, Architecture,
and Function

Anna L. Jacobsen, F. Daniela Rodriguez-Zaccaro, Tamani F. Lee,
Jessica Valdovinos, Hayden S. Toschi, Justin A. Martinez,
and R. Brandon Pratt

1 Vitis as a Model Xylem System

The genus Vitis (Vitaceae) has been thoroughly studied, in part because of commercial
and agricultural interests in grapevine. This has led to myriad studies on many
aspects of grapevine biology, including efforts to understand grapevine molecular,
physiological, structural, and development biology.

Early efforts to sequence entire genomes of model plant species such as
Arabidopsis, poplar, and rice also included efforts to sequence Vitis. This resulted in
the early sequencing of the entire genome of V. vinifera “Pinot Noir” (Jaillon et al.
2007; Velasco et al. 2007). Additional molecular research has also been conducted
on the Vitis chloroplast genome (Jansen et al. 2006) and on the use of other molecu-
lar techniques to compare across the genus Vitis (Myles et al. 2010).

In addition to ongoing molecular and genetic studies, many physiological studies
have examined grapevine functional biology, including water relations and hydrau-
lics (Zufferey et al. 2000; Schultz 2003; Domec and Johnson 2012). These studies
have included xylem responses to pathogens and infection (Chatelet et al. 2006;
Thorne et al. 2006; Sun et al. 2013) and to drought (Schultz and Matthews 1988;
Lovisolo and Schubert 1998; Lovisolo and Schubert 1998; Lovisolo et al. 2010).
Additionally, active processes that occur within the xylem have been examined,
including the formation of tyloses and gels following infection, wounding, and
embolism (Sun et al. 2007, 2008; Pérez-Donoso et al. 2007; Jacobsen and Pratt 2012).
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Fig. 5.1 Representative xylem micrograph from a 1-year-old stem of Vitis vinifera. The starch within
the section has been stained dark to highlight the location of living cells with the xylem, particularly
as they occur in wide xylem rays and in paratracheal axial parenchyma cells. This section is from a
stem harvested toward the end of the growing season as is evidenced by the presence of many very
narrow vessels near the cambium containing secondary cell walls and the absence of large expanding
vessel elements lacking secondary cell walls. The cells of the phloem are also clearly visible

The hydraulics of grapevine stems has also been examined (e.g., Spetry et al. 1987;
Tibbetts and Ewers 2000; Choat et al. 2010; Jacobsen and Pratt 2012).

Finally, grapevine hydraulic structure has been the subject of many recent stud-
ies. Grapevine has several unique features of its xylem and phloem structure, many
of which are associated with its liana habit (Fig. 5.1; Chap. 6). Grapevine stems
have wide diameter vessels, which are relatively isolated from other large vessels
within the secondary xylem tissue (Fig. 5.1). This makes these vessels relatively
easy to resolve using newly developing images technologies (Holbrook et al. 2001;
Brodersen et al. 2010, 2011).

2 Secondary Xylem Vessel Development

2.1 General Patterns of Woody Plant Vessel Development

Within flowering plants, water is transported throughout the plant body primarily
through xylem vessel elements. Many individual vessel elements connect at axially
located perforation plates to form long continuous tubes through xylem tissue that
are termed vessels. Vessels begin and end at terminal vessel elements, which con-
tain one end wall that is not open (i.e., a perforation plate is only present on one side
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of the vessel element) (Handley 1936). Individual vessels may extend several
meters in length, but most vessels are quite short (Zimmermann and Jeje 1981;
Zimmermann and Potter 1982; Ewers et al. 1990; Jacobsen et al. 2012).

Xylem vessel elements are formed from meristematic cells in either the procam-
bium or the vascular cambium and each vessel element matures individually (Esau
1953). Following differentiation, vessel elements expand to what will become their
mature volume before starting to form secondary wall layers along their sides (Esau
and Charvat 1978). At this stage of vessel element development, the protoplasm is
highly vacuolated (Esau 1936; Esau and Charvat 1978). During early vessel element
development, the end walls, located basally and apically in the cell where perfora-
tion plates will later occur, become thickened (Esau and Hewitt 1940; Esau and
Charvat 1978; Benayoun et al. 1981). The term perforation partition has also been
used to refer to the areas of the cell wall that will later open to form perforation
plates (Meylan and Butterfield 1981).

Maturation of vessel elements into hydraulically functional tubes is a multistage
process that may occur over several weeks in the secondary xylem. Vessel element
differentiation and expansion are followed by the deposition of lateral secondary
walls. Deposition does not occur in the areas that will become perforation plates
(usually at the end walls, but they may occur on the lateral walls in some species;
Esau 1953) or in the areas along lateral walls that will become pits (Barnett 1982;
Chaffey et al. 1997; see Chap. 3 for information on pit formation in conifers).
Following the formation of lateral secondary walls within vessel elements, the end
walls begin to thin (Esau 1936). Other cellular changes also occur, including
the rupture of the tonoplast, the degradation of other organelles within the cell, and
the deposition of lignin (reviewed in Fukuda 1997 and Bollhoner et al. 2012).
At this stage, each individual vessel element maintains end walls and intact cell
membranes filled with dilute protoplasm and may remain in this stage for up to
several weeks (Esau and Hewitt 1940; Halis et al. 2012; Bollhoner et al. 2012).

Death of vessel elements, the opening of end walls, and the lysing of the remain-
ing cellular contents occur during the final stages of vessel element development
and signal their transition to becoming hydraulically active. Vessel element end
walls open at the same time that the cell membrane disintegrates (Esau and Hewitt
1940; Murmanis 1978; Benayoun et al. 1981). Within a single vessel, individual
vessel elements die at different times, although usually starting first basally and
progressing in the apical direction. Both open basal and closed apical vessel ele-
ments may be found simultaneously within a single vessel (Esau 1936; Eames and
MacDaniels 1947; Halis et al. 2012). Thus, individual vessel elements may become
hydraulically active before the entire vessel activates (Halis et al. 2012) and the end
walls of still living vessels form the barrier between the apoplast and symplast dur-
ing this time. Once all of the vessel elements within a vessel undergo autolysis, the
vessel becomes fully hydraulically functional, with water able to move from ele-
ment to element through open perforation plates along the entire length of a vessel
or through pits into lateral vessels.

The differentiation, development, and maturation of vessels may extend over
several weeks in woody species. It has been reported that vessel element development
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took about five weeks in the earlywood vessel elements of the bole and branches of
mature oak trees (Zasada and Zahner 1969). Others have reported that the final
stages of vessel element maturation, including the disintegration of the end wall was
quite gradual (Esau 1953; Murmanis 1978). Cell death of vessel elements and the
onset of hydraulic function may also be delayed an additional several weeks after
the full expansion of cells and formation of mature secondary walls. This has been
described previously in grapevine (Halis et al. 2012). Indeed, vessel elements as
well as fibers may remain alive (i.e., retain an intact cell membrane) at locations
distant from the vascular cambium in some species (Zasada and Zahner 1969;
Almeida-Rodriguez and Hacke 2012; Bollhoner et al. 2012).

The timing of these processes in woody plants differs from cell culture-, primary
xylem-, or Arabidopsis-based studies which have reported that vessel elements dif-
ferentiate, mature, and undergo cell death rather rapidly (Benayoun et al. 1981;
Fukuda 1997; Groover and Jones 1999; Turner et al. 2007; Bollhoner et al. 2012),
although metaxylem vessel elements have been described as remaining alive for
longer periods and for up to 30 cm from growing tips in some nonwoody species as
well (St. Aubin et al. 1986). Rapid vessel element maturation and subsequent cell
death suggest that nonwoody systems may have limitations as models for under-
standing development of vessels within the secondary xylem of woody plants.

2.2 Vessel Differentiation, Expansion, and Maturation
in Grapevine

Secondary xylem vessel element development in grapevine follows a similar pat-
tern as described for other woody angiosperms. Vessel elements within the second-
ary xylem tissue are initiated early in the growing season, following initial shoot
expansion. Throughout most of the growing season, new vessels are continuously
formed. Thus, when xylem is examined in cross section, secondary vessels that are
still differentiating and expanding, that are still living and have complete secondary
walls, and hydraulically functional vessels are all visible simultaneously (Fig. 5.2a—d).
This pattern has been described in Vitis vinifera “Cabernet” (Halis et al. 2012) and
is also apparent in samples from both V. vinifera “Glenora” and V. vinifera
“Chardonnay” (Fig. 5.2a—d), and thus may be general to V. vinifera. Interestingly,
these vessels are not easily apparent unless active xylem staining is employed (com-
pare Fig. 5.1 to Fig. 5.2a—d; see below for additional method details).

We examined vessel lifespan in 1-year-old shoots of field-grown V. vinifera L.
“Glenora,” a table grape that grows well in southern California and produces pale-
red medium-sized seedless berries (see Jacobsen and Pratt 2012 for additional infor-
mation on this variety) and from which samples were readily available and in close
proximity to the laboratory. Additionally, a limited number of observations were
also conducted on 1-year-old shoots of field-grown V. vinifera L. “Chardonnay.”
All samples were collected from well-watered plants on or near the campus of
California State University, Bakersfield during the 2012 and 2013 growing seasons.
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Fig. 5.2 Xylem cross sections collected during the middle of the growing season from 1-year-old
stems of Vitis vinifera “Glenora” (a, b) and V. vinifera “Chardonnay” (c, d) that have been stained
for active xylem vessels using crystal violet and are shown at both low (a, ¢; 25x) and higher (b,
d; 100x) magnification. Only vessels which have already undergone autolysis and are hydrauli-
cally functional stain purple (i.e., they are functional vessels, FV). The remaining, nonstained
vessels, are shown in two different stages of vessel development, those that do not yet have a
complete secondary cell wall and may still be expanding (differentiating/developing vessels, DV)
and those that have a complete secondary cell wall but with vessel elements that are still alive and
filled with dilute protoplasm (living vessels, LV). Both examined varieties have many nonhydrauli-
cally functional vessels and contain a relatively narrow band of vessels that would be contributing
significantly to long distance water transport within the stem. The vascular cambium is identified
in panels A and C to highlight that vessels only become hydraulically functional once they are rela-
tively distant from the cambium and that the large vessels nearest the cambium are not hydrauli-
cally active. This pattern is apparent throughout most of the growing season as long as new vessels
are continuing to form (see Figs. 5.3 and 5.4)

Samples collected in 2012 were used to hone the staining technique described below
to ensure that flushing, staining, and sample preparation did not disrupt living vessel
elements (see St. Aubin et al. 1986 for discussion of the challenges of preparing
samples without disruption of end walls, particularly when fixation was used).

In 2013, 1-year-old shoots were removed from plants at the site of initial bud
emergence so that the entire portion of 1-year-old growth was removed from
the point of its connection to older tissue. Vitis vinifera “Glenora,” samples
were collected 15 April, 23 April, 3 May, 7 June, 27 June, 17 July, and 26 October.
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Fig. 5.3 Micrographs showing representative staining patterns from sampling times (scale bars
indicate 200 pm) selected to illustrate patterns in vessel development throughout the growing sea-
son. Vessels were identified as falling within one of the following vessel lifespan classes: develop-
ing (D), living (L), potentially hydraulically functional (F), or nonhydraulically functional (N).
Several vessels in each of these classes are identified in the panels above to illustrate their appear-
ance. Potentially hydraulically active vessels were stained with crystal violet and appear purple in
micrographs. New vessel formation only ceased at the end of the growing season, at the sampling
period coinciding with the onset of leaf abscission (October). Vessel occlusions, including tyloses
(t) and gels (g) are visible in some sections

These collection times corresponded to early shoot growth (April), blooming (May),
fruit development (June), fruit ripening (July), and the initiation of leaf abscis-
sion (October). Samples were collected from V. vinifera “Chardonnay” on 18 June
and 17 July.
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Fig. 5.4 The number of vessels occurring in different vessel lifespan classes as determined
throughout the 2013 growing season, beginning in April and ending in October, and based on
observations from 25 stem sections of current year growth from well-watered V. vinifera. Gray-
scale fills indicate different vessels classes and are based on mean vessel numbers. Important
transitions in vessel development are indicated in italics within the figure. When analyzed across
the growing season, potentially hydraulically active vessels accounted for approximately 35 % of
vessels in cross sections. Vessels that are not able to transport sap represented the majority of ves-
sels within the secondary xylem tissue, including developing and living vessels (54 %) and vessels
that were no longer hydraulically functional (11 %)

At each sampling date four large shoots were collected at predawn, double
bagged in large plastic bags with a moist paper towel, and transported to the labora-
tory (<10 min transport time). In October, only a single large shoot was sampled due
to limited ability to find shoots that still maintained green nonabscising leaves from
among the shoots that had been tagged and followed since bud growth initiation
earlier in the season. Immediately upon arrival in the laboratory, a 0.20 m stem seg-
ment was trimmed underwater from each large shoot at 1 m distance from the proxi-
mal end. All samples were collected at this same distance so that samples were of
progressively older stems throughout the growing season from shoots initiated at a
similar time. This meant that samples became progressively wider in diameter at
each sampling time due to continuing secondary growth.

The ends of shoot segments were shaved with fresh razor blades and samples
were inserted into a tubing apparatus and flushed for 1 h at 100 kPa using a degassed
20 mM KCI solution filtered to 0.1 pm (inline filter, GE Water and Process
Technologies, Trevose, PA, USA). A 0.10 m segment was then cut underwater
0.06 m from the proximal end of the longer flushed segments. This shorter segment
was stained using a 0.1 % (mass/volume) crystal violet dye solution, adjusted to a pH
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of 2 using HCl, and ultra-filtered (0.1 pm, MAGNA, nylon supported filter, Osmonics,
Inc., Minnetonka, MN, USA). Stain was pulled up through stem samples at approxi-
mately 1-2 kPa for 20-30 min following the methods of Jacobsen et al. (2007). At
the end of this time period, dye could be seen emerging from the distal ends of stem
samples. This stain was selected because it easily passes through pit membranes,
readily stains secondary cell walls (also termed gentian violet, Chamberlain 1901;
Ruzin 1999) with a preference for lignified walls, and has been used in many studies
as an indicator of active xylem vessels (Kolb and Davis 1994; Tibbetts and Ewers
2000; Jaquish and Ewers 2001; Jacobsen et al. 2007; Jacobsen and Pratt 2012).

After staining, segments were briefly (1-3 min) flushed at 1-2 kPa with the same
solution used to flush samples prior to staining. This removes dye from many of the
hydraulically active vessel lumens, but does not remove dye from already stained
cell walls. This reduced the spread of dye into adjacent tissue prior to imaging and
also reduced the amount of dye transferred by sectioning. Dyed stems were sec-
tioned in the central portion of segments, in a region of the stem that was not sub-
merged beneath dye during the staining process. This ensured that dye was limited
to the region around conductive vessels into which dye had been pulled. Because
dye slowly spreads following staining, each stem was sectioned and immediately
photographed following staining.

All secondary xylem vessels were quantified into one of the four following
classes: (1) Developing (not stained purple, near the cambium, without a thick sec-
ondary wall), (2) living (not stained purple, close to the cambium, thick secondary
wall), (3) potentially hydraulically functional (stained purple), and (4) nonhydrauli-
cally functional (not stained purple, in a region of the stem where other vessels are
or have been hydraulically functional; may contain gels or tyloses). Vessels located
within the primary xylem tissue were also observed, but they were classified only as
being either conductive or nonconductive. To confirm the presence of gels in older
nonconductive secondary xylem vessels, some fresh sections were analyzed under
a dissecting scope with no coverslip or mounting material. This allowed for easy
identification of gel-filled vessels because gels do not recede from cut vessels and
were often visible actively extruding from cut vessels (see Jacobsen and Pratt 2012,
their Fig. 4; see also Fig. 5.11a—d in the present chapter).

Vessels located within primary xylem tissue, located in vascular bundles, were
already hydraulically active during the first sampling period in early April (not
shown). Interestingly, the vast majority of these primary xylem vessels remained
potentially hydraulically active throughout the growing season. More than 93 % of
the primary xylem vessels in all of the examined sections were hydraulically active
from early April through late June. The percentage of potentially hydraulically
active primary xylem vessels began to decline in July (mean of 76 % potentially
hydraulically active) and had further declined by the onset of leaf abscission in
October (mean of 27 % potentially hydraulically active vessels).

Secondary xylem production was initiated in a few of the observed samples prior
to early April, but at the time of the first observations of samples there were no sec-
ondary xylem vessel elements yet displaying fully formed secondary cell walls. The
first secondary xylem vessel elements to fully expand and start to form secondary
cell walls were observed in late April (Fig. 5.3a). These vessel elements were still
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living and not yet potentially hydraulically active. The first potentially hydraulically
active secondary xylem vessels were observed in May (Fig. 5.3b), more than 3
weeks after initial observations of vessel differentiation. The entire initial cohort of
secondary xylem vessels were not observed to be potentially hydraulically active
until early June, nearly 8 weeks after initial observations of vessel differentiation.
Thus, the observed amount of time from the initial differentiation of vessel elements
to the appearance of hydraulically active vessels was approximately 4-8 weeks
(Figs. 5.3a—f and 5.4). This included at least 2 weeks to differentiate, expand, and
form secondary walls and an additional 2—4 weeks before autolysis and opening of
perforation plates. The same patterns of vessel element development were also
apparent in samples from Chardonnay (data not shown; see Fig. 5.2d).

The production of secondary xylem and secondary xylem vessel development
continued throughout most of the growing season (Figs. 5.3a—f and 5.4). A band of
differentiating and developing vessels could be found near the vascular cambium at
every sampling period, except for October (Figs. 5.3a—f and 5.4). Beginning at the
time of fruit harvest (July) and continuing to the period of leaf abscission (October),
vessel development declined and a cohort of narrow diameter vessels became
hydraulically active immediately adjacent to the vascular cambium (Fig. 5.3f).
Similarly, living vessels were present throughout most of the growing season and
were visible as fully expanded vessel elements, usually removed from the vascular
cambium by at least one or two developing vessels, that were not yet potentially
hydraulically active (Figs. 5.2a—d and 5.3a—f).

Individual vessels did not remain potentially hydraulically active throughout the
growing season. Rather, there was a steady change in the suite of vessels that were
potentially hydraulically active and vessels that were active early in the season were
mostly nonhydraulically functional later in the season (Fig. 5.3e, f). In general, none
of the secondary xylem vessels that would have been hydraulically active in May
and June were still active late in the season. This was indicated by the failure of
early season vessels to stain with active xylem staining later in the season.

When analyzed across the growing season, hydraulically active vessels repre-
sented only a small proportion of total vessels (Fig. 5.4). The region of xylem contain-
ing vessels that were hydraulically functional was small and vessels are only active
for a limited portion of time (Fig. 5.3a—f). Staining of samples that have been flushed
to remove emboli indicated that potentially hydraulically active vessels account for
only 35 % of vessels visible within cross sections of 1-year-old stems in V. vinifera
and, due to embolism formation, the in situ number of hydraulically active vessels
would likely have been even lower. Vessels not able to transport sap represented the
majority of vessels. The majority of these vessels, particularly in the early half of the
season, were vessels that were still developing or living (~54 % of visible secondary
xylem vessels). This included a large band of vessels located near the cambium.

Later in the season, the proportion of vessels that were not able to transport sap
also included an expanding band of inactive vessels occurring near the pith. This
band slowly expanded out toward the vascular cambium throughout the late period
of the growing season. These inactive vessels did not become conductive following
flushing of stems under positive pressure, indicating that this loss was semiperma-
nent to permanent. This was most likely due to the formation of gels or tyloses (Sun
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et al. 2007, 2008; Jacobsen and Pratt 2012; Sun et al. 2013). The high proportion of
nonhydraulically functional vessels in grapevine may pose a particularly challeng-
ing problem in ongoing research examining grapevine structure and function (see
Sect. 5 of this chapter).

3 Grapevine Stem Hydraulic Architecture

Grapevine stem xylem vessels are relatively unexceptional in their dimensions when
standardized by sample diameter, as is required for cross-species comparisons (Jacobsen
etal. 2012). Secondary vessels in 1-year-old grapevine stems, the type commonly used
in hydraulic studies, contain vessels that are much smaller in diameter, on average, than
the reported global mean (compare standardized values in Table 5.1 to a global mean

Table 5.1 Mean and maximum vessel diameters from stems of several Vitis species and varieties
compiled from several different sources

Mean vessel | Maximum
Variety diameter vessel diameter
Species (if reported) | (pm) (pm) Source

Not standardized by sample diameter (ranges indicate that the reported mean varied with stem
diameter, node, or treatment):

V. labrusca - Approx. 300 | — Zimmermann and Jeje (1981)

V. rotundifolia | — 36-245.5 - Ewers and Fisher (1989),
Ewers et al. (1990)

V. vinifera Freisa 74-101 >140 Lovisolo and Schubert (1998)

V. vinifera Grenache - 108.7 Lovisolo et al. (2008)

V. vinifera Chardonnay | 60.5-67.6 - Sun et al. (2006)

V. vinifera Glenora 28.6-57.9 68.6-158.1 Current chapter, Fig. 5.10

V. vinifera - 69.18 - Sperry et al. (2005)

V. vinifera Nebbiolo 61-107 >140 Schubert et al. (1999)

Standardized samples (n=6-23 per variety; 4—8 mm sampled stem diameters from 1-year-old
segments):

V. labrusca Catawba 29.1+£2.7 64.7+3.1 (75.5) | Jacobsen, unpublished data
V. labrusca Concord 242+1.17 49.8+4.7 (99.3) | Jacobsen, unpublished data

V. vinifera Cabernet 18.4+0.8 42.5+2.6 (55.6) |Jacobsen, unpublished data
Savignon

V. vinifera Chardonnay |25.0+1.0 57.3+1.6 (74.7) | Jacobsen, unpublished data

V. vinifera Flame 29.6+£2.0 55.3+2.3 (66.2) | Jacobsen, unpublished data

V. vinifera Glenora 25.6x1.1 59.8+1.4 (73.4) | Jacobsen, unpublished data

Data are divided by those reported in the literature from a wide range of stem diameters, ages,
growing locations, and treatments and those that have been standardized by stem diameter and age
specifically so that values are comparable between varieties and comparable to the global values
reported in Jacobsen et al. (2012). Samples that have been standardized by diameter are all from
1-year-old stem samples collected in summer 2013 from varieties growing on or near campus at
California State University, Bakersfield, USA and mean=+1 SE are reported. Parenthetical values
reported after maximum vessel diameters represent the largest diameter vessel recorded within
samples from that variety
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Table 5.2 Mean and maximum vessel length from stems of several Vitis species and varieties
compiled from several different sources

Mean Maximum

Variety vessel vessel length
Species (if reported) | length (m) | (m) Source
V. labrusca/riparia* | — 0.416* 1.4% Sperry et al. (1987)
V. labrusca* - 1.435* 7.5% Zimmermann and Jeje (1981)
V. labrusca Catawba - 0.78+0.13 Jacobsen, unpublished data
V. labrusca Concord — 0.63+0.10 Jacobsen, unpublished data
V. rotundifolia* - 0.322% 1.73%* Ewers and Fisher (1989),

Ewers et al. (1990)

V. vinifera Cabernet - 0.54+0.09 Jacobsen, unpublished data

Savignon
V. vinifera Chardonnay | — 0.67+0.09 Jacobsen, unpublished data
V. vinifera Chardonnay | — 0.5t0 0.9 Choat et al. (2010)
V. vinifera Flame - 0.73t0 0.6 Jacobsen, unpublished data
V. vinifera Glenora 0.116 0.85 Jacobsen and Pratt (2012)
V. vinifera - 0.207 - Sperry et al. (2005)
V. vinifera - 0.128 - Wheeler et al. (2005)

Samples that are followed by an asterisk (*) are from wider diameter samples and may be from
stems that are multiple years of age, whereas all vessel length values that are not followed by an
asterisk are from 1-year-old stem segments. All samples reported from Jacobsen (unpublished
data) were sampled in July 2014 from plants growing on or near campus at California State
University, Bakersfield, USA and mean+1 SE are reported (n=4-6 per variety). Mean vessel
lengths were determined using different methods that have been shown to produce similar results
(reviewed in Jacobsen et al. (2012)) and maximum vessel lengths were determined using air injec-
tion at 100 kPa (Greenidge 1952)

diameter of 67.89 pm for 3,005 woody angiosperms; Zanne et al. 2010). Similarly,
mean and maximum vessel lengths are relatively short for lianas and are similar to the
global mean across woody tree, shrub, and liana species (compare values in Table 5.2
to a global mean vessel length of 0.13 m and a global mean maximum vessel length of
0.93 m for 148 species; Jacobsen et al. 2012). However, when both vessel length and
width are considered, grapevine has a combination of vessel length and width that
results in the average size of grapevine conduits being larger than average when com-
pared against the data available globally to date (Jacobsen and Pratt 2012).

Most species show an increase in both vessel length and width with increasing
stem diameter (reviewed in Jacobsen et al. 2012) and, consistent with this general
trend, grapevine vessel dimensions vary considerably with stem diameter and sam-
ple age (discussed below and shown in Fig. 5.10; Lovisolo and Schubert 1998;
Schubert et al. 1999). Thus, especially in older samples or in wide diameter stems,
grapevine xylem may contain very wide (approximately 300 pm diameter) and long
(~8 m) vessels (Zimmermann and Jeje 1981).

The vessel network within grapevine secondary xylem has some unique features
(Figs. 5.5a, b, 5.6a, b, and 5.7a, b). Large diameter vessels in grapevine are gener-
ally not directly connected laterally to other large vessels. Examination of serial
sections of grapevine xylem suggests that large diameter vessels tend to terminate
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Fig. 5.5 Serial sections (at 100 pm intervals) were made through the xylem of internode (a) and
node (b) segments of 1-year-old grapevine stems and were examined and used to construct three-
dimensional models of the vessel network. Representative micrographs from the examined xylem
samples are shown above along with a model illustrating the location of the sections. Inset boxes
within the uppermost micrograph identify specific vessel groups that were selected for more
detailed analysis of vessel network structure and vessel connectivity (see Figs. 5.6 and 5.7). For the
node segment (b) the asterisks indicate a xylem section that exits the stem xylem to enter a leaf and
the two-sided arrows that extend across panels identify the same vessel in each panel in their new
location following the rearrangement of vessels around the exit of the leaf trace

abruptly, with one large vessel connecting to the next predominately at the vessel
termini. The region of overlap between these large vessels occurs over just a few
hundred microns and with only one or two vessel elements overlap (Jacobsen,
unpublished data). Rather, the vast majority of connections between large diameter
vessels occurs through the connection of large diameter vessels by relays of many
shorter and narrower vessels (Fig. 5.6a; Brodersen et al. 2013). This is particularly
evident within internode regions (Fig. 5.6a), but also occurred within nodes
(Fig. 5.6b) and may be an important, but thus far unexplored, feature of grapevine
hydraulic function.

Vessel network architecture differs between node and internode regions
(Figs. 5.5a, b, 5.6a, b, and 5.7a, b). Xylem node regions contain a vessel network
that is more disordered than the network found within internodes (Fig. 5.7a, b).
Numerous vessels terminate within nodes, which represents a higher proportion of
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Fig. 5.6 Selected micrographs from serial sections of grapevine stem xylem located in an inter-
node (a) and node (b) are shown, with specific vessel groups highlighted to show patterns of
vessel connectivity through the xylem (see Fig. 5.5 for the location of vessel groups relative to
one another). In Panel A, large vessels that are connected along part of their axial pathway are
indicated with gray arrows, but they are not connected within the panels containing the gray
arrows. Black arrows indicate the specific image(s) in which large vessels are visible as connected
through vessel relays within that particular image. Large vessels rarely come into direct contact
with one another and instead connect through the development of relays of narrower and shorter
vessels (indicated with small white arrows). The connection of large vessels by shorter and nar-
rower vessel relays is particularly evident in internode section (a), but is also visible within the
node (b). Vessel connections are not indicated in panel B because the more disorganized vessel
connections of the node make these connections much more complex; however, the connectivity
of the node section shown above (b) can been seen in three-dimensional modeling for the entire
sampled segment in Fig. 5.7b

vessels terminating per unit length than in internode sections (Figs. 5.6a, b and 5.7a,
b; Jacobsen, unpublished data). This is similar to previous reports for V. vinifera as
well as for other species, which also report that vessels are more likely to terminate
within nodes (Salleo et al. 1984). Within the node, rays of parenchyma tissue were
also more heavily rearranged, in part because of the loss of xylem segments into
leaves, tendrils, and side branches at nodes, but also due to the termination and
creation of additional xylem segments (Fig. 5.5a, b). This represents a significant
nodal rearrangement in the connectivity of xylem conduits within the stem. This
rearrangement is also visible in the much more tortured pathways of vessels through
the xylem within nodes (Fig. 5.7a, b).
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Fig. 5.7 Three-dimensional models of the vessels within a grapevine stem xylem internode (a)
and node (b) xylem section based on combining serial sections (at 100 pm intervals) that were
made through the same xylem segments presented in Figs. 5.5 and 5.6. Serial sections were aligned
using Reconstruct (v. 1.1.0.1) and three-dimensional models were constructed using Image J (v.
1.44p) analysis of the stacked images as described in Yahya et al. (2011). Vessel terminations are
modeled as being “flat” although they would likely be pyramidal within the examined specimens;
this is largely due to the limitations of having images created from the stacking of 100 pm thick
sections. The vessel network is relatively ordered within the internode (a) and open vessel lumens
can be seen in both the bottom and top views of the xylem, illustrating that vessel pathways are
relatively linear. The vessel network becomes much more tortured in the node (b) where numerous
vessel groupings are rearranged following the exit of a leaf trace from the stem (Fig. 5.5) and the
twisting, rearrangement, and tortured pathway of vessels means that lumens are not visible as
being “open” through the “bottom up” and “top down” views through the node. Along the length
of a single vessel, the diameter of the vessel changes considerably, as described previously in
Akachuku (1987) and Ewers and Fisher (1989)
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4 Hydraulic Function

4.1 Resistance to Water Stress-Induced Cavitation

Grapevine varieties are generally highly susceptible to water-stress induced cavita-
tion as indicated by rapid declines in hydraulic conductivity with small declines in
water potential (Fig. 5.8). Indeed, across many different varieties and several differ-
ent studies, grapevine species and varieties have consistently been shown to be
highly susceptible to cavitation and water stress (Table 5.3). Dehydrated grapevine
shoots from two different grapevine varieties have also been reported to display a
majority of acoustic emissions (AEs) between —0.2 and —1.5 MPa with early peaks
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Fig. 5.8 Vulnerability to cavitation curves for five selected varieties of grapevine, showing the
percentage loss in hydraulic conductivity with declining water potential. All curves were measured
on 1-year-old samples using the centrifuge method (Alder et al. 1997)

in AEs at approximately —0.5 MPa (Schultz 2003). Acoustic emissions are indica-
tive of cavitation events within the xylem. The production of many acoustic emis-
sions (AEs) at relatively high water potentials as grapevine shoots are dehydrated
represents an independent (of hydraulic methods) and in vivo confirmation that
grapevine xylem is highly susceptible to water stress. Most recently, single vessel
injection experiments conducted on 1-year-old stems of V. vinifera “Chardonnay”
have confirmed the presence of a large proportion of highly susceptible vessels
within the xylem (M. Venturas unpublished data).

High vulnerability to cavitation in the xylem of 1-year-old shoots of grapevine is
consistent with grapevine physiology. Many grapevine varieties have been identi-
fied as being near isohydric and even varieties that display slightly anisohydric
behavior do not typically experience water potentials below —2 MPa even when
severely stressed. Indeed, the water potentials of “stressed” dehydrated plants have
been reported to range from —0.6 to —2.0 MPa in many studies (Loveys and
Kriedemann 1973; Matthews and Anderson 1988; Schultz and Matthews 1988;
Lovisolo and Schubert 1998; Flexas et al. 1999; Choné et al. 2001; Schultz 2003;
Lovisolo et al. 2008; Lovisolo et al. 2010). Whole plant leaf specific hydraulic con-
ductance (k;) has been shown to rapidly decline with minor declines in water poten-
tial (see whole shoot dehydration Ps, reported in Table 5.3; Schultz 2003; Zufferey
et al. 2011) and whole plant hydraulic resistance increased rapidly when water
potentials declined from —0.6 to —1.2 MPa (Schultz and Matthews 1988). This
decline in whole plant conductance is due to a combination of stomatal closure,
cavitation, and other modifications of xylary and extraxylary pathways that lead to
a decrease in conductance in roots, stems, branches, and leaves.
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4.2 Seasonal Changes in Hydraulics

Changes in xylem hydraulic function seasonally have been described previously for
Vitis (Sperry et al. 1987; Tibbetts and Ewers 2000; Choat et al. 2010; Jacobsen and
Pratt 2012) and have also been found in the V. vinifera and V. labrusca varieties
reported on in the present chapter (Fig. 5.9; Jacobsen et al., unpublished data). In
general, grapevine xylem-specific hydraulic conductivity (K) has been shown to
increase throughout the growing season. This change occurs concurrent with
changes in xylem cavitation resistance, with stems grown later in the growing sea-
son showing increased resistance to cavitation and reduced levels of conductivity
loss at more negative water potentials (Choat et al. 2010; their Fig. 2).

The studies included above have examined changes in hydraulics at different
times during the season, but seasonal changes in hydraulics have also been exam-
ined through the examination of changes occurring along a single 1-year-old shoot.
Grapevines exhibit rapid growth and an individual stem may grow several meters
throughout the growing season. Along this shoot, basal segments are initiated early
in the season and the earlywood of these segments represents xylem formed during
this period. These segments produce more secondary growth compared to those
initiated later in the season and they are wider in diameter by the end of the growing
season. Distal segments of 1-year-old stems represent xylem that was initiated later
in the growing season and was produced during drier and hotter conditions. These
stems have less time for secondary growth to occur and are narrower at the end of
the growing season.

Examination of xylem structural and functional traits as they vary along 1-year-
old shoots provides the opportunity to evaluate some of the changes that have
occurred throughout the growing season. Within 1-year-old shoots, stem segments
that are narrower in diameter (i.e., produced later in the season) are up to 10 times
more resistant to cavitation (i.e., they have more negative Ps,) than segments that are

20

Fig. 5.9 Xylem-specific
hydraulic conductivity (K;)
measured at three sample
times in 2013 (n=6 per
sample time; mean+ 1 SE) on
V. vinifera “Glenora”.
Different letters indicate
significant differences in K.
Early season stem segments
exhibited decreased
xylem-specific conductivity
(K;) compared to samples 0
measured later in the growing 22-April 19-June 22-October
season (P=0.017, F=5.71, B

ANOVA) Sampling date
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Fig. 5.10 Mean (+1 SE) and maximum vessel diameter as measured along the length of stem grown
within a single growing season in grapevine. Each point represents a value from a single internode
section beginning at the point of shoot initiation (internode 1) and continuing to the branch tip
(internode 60). Stem diameter decreased from the branch base to the branch tip (gray squares) and
vessel traits varied with both stem diameter and internode number. Maximum vessel diameter (open
circles), in particular, was particularly sensitive to changes in internode number and stem diameter

wider in diameter (i.e., produced earlier in the season with a longer time period for
secondary growth to occur) (Jacobsen and Pratt 2012; their Fig. 2). They also are
higher in their stem hydraulic conductivity (Lovisolo and Schubert 1998; Schubert
et al. 1999). These changes are consistent with the patterns in grapevine vessel
development described above, whereby vessels take several weeks to become func-
tional and different cohorts of vessels are active during different times of the season.
These changes are also consistent with changes in vessel anatomy.

Vessel structure changes throughout the growing season (Fig. 5.10). Stems grown
earlier in the growing season contain vessels that are wider in diameter compared to
those produced later in the growing season (Fig. 5.10; Lovisolo and Schubert 1998;
Schubert et al. 1999). This pattern is particularly evident when only the widest ves-
sels within a cross section are examined (Fig. 5.10). This may be due, at least in part,
to a longer period of secondary growth in stem segments that are initiated early, as
evidenced by their wider diameter, but may also relate to other factors.

Thus, plant hydraulic structural and functional traits, particularly in grapevine,
appear to be quite variable intra-annually and this may be due to different vessels
becoming hydraulically active throughout the season and/or the formation of struc-
turally different vessels within stems that are initiated during different times during
the season. This is a functionally interesting pattern and suggests that xylem may be
quite dynamic in a way that has not been widely appreciated (for instance, see Fig.
4.11 in Uwe’s Poplar Chapter). Plants may have considerable control over the types
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of vessels that are grown or activated and further research on the development of
vessels and their onset of functionality (as well as loss in functionality) throughout
the growing season may be particularly interesting.

5 Methodological Considerations in Study
of Grapevine Hydraulic and Function

Although much of the data on grapevine hydraulics has been consistent and sug-
gests high susceptibility to water stress, a few recent studies have called some of
these findings into question (e.g., Choat et al. 2010; McElrone et al. 2012). Some of
this confusion is likely linked to issues related to imaging of grapevine stems con-
taining living or gel-filled vessels, but may also be linked to other complications. It
is, therefore, worthwhile to consider how some of the unique aspects of grapevine
xylem may impact the methodologies used to examine it and may impact the inter-
pretation of some studies and results.

5.1 Challenges Related to In Vivo Imaging

The high proportion of nonhydraulically functional vessels in grapevine may be a
particularly challenging problem in ongoing research examining grapevine struc-
ture and function using current in vivo imaging technologies. These nonhydrauli-
cally active vessels, including cells with completed secondary walls and degraded
organelles that are still alive and also inactivated vessels that are gel filled
(Fig. 5.11a—d), appear to be difficult to identify when the latest imaging technolo-
gies such as magnetic resonance imaging (MRI), nuclear magnetic resonance
(NMR), and high resolution computed tomography (HRCT) are utilized. The prob-
lem arises because living or developing vessels and gel-filled vessels that are not
conductive appear similar in images to cells that are mature and hydraulically active,
as demonstrated by the inability of MRI images to differentiate glass tubes filled
with water, saline solution, or pectin gel (Pérez-Donoso et al. 2007).

This limitation of imaging techniques is, in some cases, at the heart of a debate
regarding the accuracy of methods to measure resistance to cavitation of xylem. Some
authors have taken the data generated from imaging as a “gold standard” by which to
judge other methods and interpreted disagreements with imaging as an indication that
the nonimaging methods are flawed (Choat et al. 2010; Cochard et al. 2014). However,
it appears that an alternative explanation is likely. To date, imaging data have yet to be
shown to accurately estimate hydraulic conductivity, percentage loss in hydraulic con-
ductivity, or cavitation resistance when compared against standard techniques. The
difficulty in properly analyzing and interpreting grapevine images generated using
these techniques is perhaps best illustrated through the repeated inability of these
imaging techniques (e.g., Choat et al. 2010; McElrone et al. 2012) to generate data
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Fig.5.11 Grapevine stems produce gels in response to both drought and wounding as seen in both
cross (a) and longitudinal (b) sections of 1-year-old stems, where gels are visible exuding out of
vessels. Gels appear to be produced in vessels during dehydration, but are not usually apparent
when hydrated samples are sectioned ((c); note the absence of gels). When gels are present in ves-
sels, they are easily seen when samples are freshly sectioned because gels do not recede from
vessel ends ((d); gel-filled vessel is indicated by the black arrow). Scale bars in panels (¢) and (d)
indicate 200 pm

that agree with other standard and thoroughly verified hydraulic methods (i.e., the
centrifuge method and dehydration methods as presented in Jacobsen and Pratt 2012
using the methods verified by Sperry et al. 2012; Tobin et al. 2013, and Hacke et al.
2015). This suggests that image analysis is not yet a verified tool in the examination
of hydraulic function, at least in the case of grapevine xylem. Difficulties with in vivo
imaging may also extend to imaging analyses conducted in other species where imag-
ing data appear inconsistent with other physiological and standard hydraulic methods
(e.g., Cochard et al. 2014), particularly for species such as oak and poplar where living
vessel elements have been identified occurring well away from the vascular cambium
(see Sect. 2.1 of the current chapter).
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5.2 Challenges Posed by Dynamic Xylem Processes

Not all techniques or analyses for examination of resistance to water stress-induced
cavitation may be appropriate for grapevine. The use of dehydration vulnerability
curves, particularly those conducted over several weeks or longer (Alsina et al. 2007;
Choat et al. 2010), may be heavily impacted by the formation of gels within vessels
(Jacobsen and Pratt 2012) or the activation of new and functionally different xylem
vessels. Of particular concern with dehydration measures is the formation of occlu-
sions within the xylem during dehydration which results in error in measurements of
the maximum xylem-specific hydraulic conductivity of samples (Ky,x). This issue
arises due to the analysis of these curves using percentage loss in hydraulic conduc-
tivity (PLC) as calculated relative to a flushed maximum value for each sample.

The Kn.x error produced by the formation of gels within vessels and when
flushed or vacuumed samples are affected by vessel clogging is not consistent across
samples or sampling periods and it is difficult to identify and may be impossible to
correct for. This variability and its potential impact on PLC estimates was illustrated
in the data reported by Drayton (2009), the original source for much of the data
published in Choat et al. (2010). Drayton (2009) reported that some, but not all
samples, exhibited declines in conductivity following flushing and the declines
were not consistent across seasonal measures. Declines were most notable in
V. vinifera “Cabernet Sauvignon” samples collected in May, which exhibited a
mean of approximately—20 % loss in conductivity following flushing (Drayton
2009). A decline in conductivity following flushing indicates the blockage of xylem
conduits and is most likely linked to the exudation of gels in grapevine.

Although K., error may be dealt with by analyzing K of unflushed stems and
possibly the calculation of PLC relative to hydrated and nonflushed samples, K is
rarely reported for vulnerability curves. For this reason, dehydration vulnerability
curves that are based on PLC calculated using a flushed maximum have not been
included in the data reported within the present chapter. Additionally, centrifuge-
based curves, which may be generated over a short time period, may be preferable
when examining grapevine.

Changes in xylem seasonally may also be linked to some ongoing methods
issues. For instance, this may explain, in part, the difficulty of interpreting hydraulic
data collected over the growing season (Choat et al. 2010) and lends support to the
suggestion that study design should carefully control for season (Jacobsen et al.
2007; Jacobsen and Pratt 2012; Hacke et al. 2015). These issues may be further
complicated by seasonal variation in the formation of gels within the xylem (Sun
et al. 2008). Additionally, few studies have examined plant hydraulic traits season-
ally (however see Kolb and Sperry 1999; Jacobsen et al. 2007, and Jacobsen et al.
2014) and it is likely that measurements of plant hydraulics conducted at a single
sampling time may not, in some cases, represent the function of a plant throughout
the growing season. This may complicate the experimental design of hydraulic
studies, but may be necessary to understand dynamic changes in the cohort of active
vessels and the ability for xylem function to change.
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5.3 Active Xylem Staining Confirms Xylem Vulnerability
to Water Stress

Traditional staining protocols may provide the means to study xylem structure and
function in a manner that avoids or corrects for most of the methodological issues
described above. Staining allows for the examination of the distribution of hydrauli-
cally functional vessels and the identification of vessels that remain conductive dur-
ing exposure to water stress treatments.

We examined the use of staining in grapevine as a means to examine which ves-
sels remain conductive as plants were dehydrated. We collected 12 large branches
(>3 m) from a single hydrated field-grown plant to reduce experimental variability
and we divided these branches between two different water stress treatments: cen-
trifugation or benchtop dehydration (six large shoots per treatment with three treated
and three control). We included both benchtop dehydrated and centrifuged samples
as an additional comparison of dehydration versus centrifuge methods for studying
cavitation resistance in grapevine. All treatment samples were exposed to approxi-
mately —0.5 MPa, which is near the pressure at 50 % loss in hydraulic conductivity
for the grapevine variety used for this experiment (Jacobsen and Pratt 2012). Control
samples were collected from matched large branches that were kept hydrated, but
were allowed to sit for the same amount of time as treated branches between collec-
tion and staining.

Following a water stress treatment through centrifugation of a 0.14 m stem seg-
ment or benchtop dehydration of a >3 m large shoot, one 0.10 m sample was excised
and stained for active xylem vessels from each treated large branch and from a
matched control branch. The 0.10 m sample was sampled from the center of centri-
fuged segments and from >1 m from the base of dehydrated shoots. Samples were
taken from >1 m away from the cut end to avoid measurement of introduced emboli
as well as potential wounding effects from sampling near the cut end (Sun et al.
2006). Sections were stained using crystal violet dye (1 % w/v) that was pulled up
through segments using a mild tension (-2 kPa). Only vessels that were not embo-
lized or otherwise blocked (i.e., by gels, tyloses, or closed end walls) were able to
transport this dye, so that hydraulically active vessels could be easily identified as
having purple stained secondary walls.

With this comparison, using traditional staining, we found that approximately
33 % of the vessels in hydrated control samples were not hydraulically active and
were presumably developing and living or filled with gels or tyloses (Fig. 5.12a, b;
32.6 1.8 % of vessels did not stain purple, n=06). This is consistent with the pattern
of vessel element development described above and the proportion of living vessels
that we have previously found.

The percentage of active vessels was determined for each treated sample, using
the control sections as a baseline for determining which vessels would have been
hydraulically active prior to exposure to water stress so as not to overestimate the
loss in conductivity. The estimated percentage loss in active vessels was not differ-
ent between dehydrated (Fig. 5.12c, d) and centrifuged (Fig. 5.12¢, f) stem samples



Hydrated,
Flushed

Dehydrated,
~-0.5 MPa

Centrifuged,
-0.5 MPa

Fig. 5.12 Representative segments from approximately 8 mm diameter stems of grapevine that
have been stained for active xylem vessels using crystal violet (purple) shown at both low ((a, c,
e); 25x) and higher ((b, d, f); 100x; scale bars indicate 200 pm) magnification. Large branches
(>3 m) were collected from a hydrated field-grown plant. Control segments were excised from
hydrated branches, flushed, and then stained to determine which vessels were potentially active (a,
b). Approximately 33 % of the vessels in hydrated control samples were not hydraulically active
and were presumably developing or living ((a, b); 32.6+1.8 % of vessels did not stain purple,
n=06). These vessels are visible predominantly near the cambium and are not stained purple (a, b).
Additional segments were exposed to two treatments prior to staining, dehydration (c, d) of large
branches or centrifugation (e, f), to a water potential of approximately —0.5 MPa (n=3 per treat-
ment). Segments from treated branches were then stained to determine which vessels remained
functional (c, d, e, f). The percentage of active vessels was determined for each treated sample,
assuming that if any vessels within a ring of vessels were active in control segments, then all of the
vessels within that ring had previously been active. The estimated percentage loss of active vessels,
when living vessels were excluded, was similar between dehydrated and centrifuged stem samples
and this pattern was consistent among the three samples of each that were examined (54.2+2.2 %
and 60.9+3.2 % of previously hydraulically active vessels were no longer active for dehydrated
and centrifuged samples, respectively, n=3 per treatment). Stem segments were sampled from a
field grown plant of V. vinifera “Glenora” in April-May 2012 and sampling time was carefully
matched across treatments and controls
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(54.2+£2.2 % and 60.9+3.2 % of previously hydraulically active vessels were no
longer active for dehydrated and centrifuged samples, respectively, mean+1 SE;
P=0.164, t,=—1.704, n=3 per treatment).

The agreement of centrifuged and dehydrated samples when stained using this
standard technique suggests that: (1) grapevine is indeed highly susceptible to water
stress, (2) centrifuge and dehydration treatments result in the same impact on hydrau-
lically conductive vessels when measures are conducted in a way that avoids the
errors that may result from PLC-based estimates (Choat et al. 2010) or from artifacts
associated with the interpretation of images (McElrone et al. 2012), and (3) many
vessels within grapevine xylem are not potentially hydraulically active at any given
time. This also agrees with the findings of Sperry et al. (2012), Tobin et al. (2013),
and Hacke et al. (2015) that centrifuge and dehydration measures generally agree.

5.4 Open Vessels Do Not Impact the Reliability of Standard
Hydraulic Measures

The presence of open vessels (i.e., vessels that do not contain a terminal vessel ele-
ment along their length within a measured sample) and how they may impact
hydraulic measures has been an additional issue of concern to some (McElrone
et al. 2004; Choat et al. 2010; Cochard et al. 2010; McElrone et al. 2012). While
some vulnerability curve methods, such as the cavitron, appear to be prone to
vessel-length associated measurement artifacts (Cochard et al. 2010; Wang et al.
2014), the standard centrifuge method has been rigorously tested for short- and
long-vesselled samples and these studies have found no evidence for an open-vessel
artifact when the standard, Alder et al. (1997), rotor design was used (Jacobsen and
Pratt 2012; Sperry et al. 2012; Tobin et al. 2013; Jacobsen et al. 2014; Hacke et al.
2015). This includes careful methods comparisons conducted for grapevine, includ-
ing data presented in the current chapter as well as in Jacobsen and Pratt (2012) and
Tobin et al. (2013).

Measurements of hydraulic conductivity in grapevine are unaffected by the pres-
ence of open vessels when even a large number of vessels (40 %) are open. We
measured the maximum vessel length on 1-year-old V. vinifera shoots using the air
injection method (Greenidge 1952) (n=7). We then collected 4 large 1-year-old
branches, transported them to the laboratory, and excised stem segments greater
than the longest measured maximum vessel length (Fig. 5.13a). Stem segments
1.05 m were vacuum flushed for 1 h using custom tubes filled with the same solu-
tion described above as being used for flushing samples and then both ends were
trimmed to an initial measurement length of 1.00 m. These large segments were
mounted into a tubing apparatus and both hydraulic resistance and conductivity
determined. The segments were then shortened from the proximal end, with these
same hydraulic parameters being measured at different lengths, until a final length
of 0.05 m was obtained. This represented a length at which approximately 40 % of
vessels were open through measured samples (Fig. 5.13a).
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Fig. 5.13 One-year-old shoots of grapevine collected from the same individual and used to deter-
mine the proportion of open vessels using silicon injection (n=6) for the vessel length distribution
(Vimean) and air injection (n=7) for the maximum vessel length (Vi) (a) and to determine the
hydraulic resistance (b) and conductivity (c¢) with varying sample length (n=4). The mean Vy
and the single greatest Vi, from among the measured samples and the mean Vi, are indicated.
Resistance declined linearly as samples were shortened from 1 m to 0.05 m (b), while conductivity
remained constant (c)

Hydraulic conductivity was not different between samples that had no open ves-
sels and those that contained approximately 40 % of their vessel open (Fig. 5.13c).
As samples were shortened, the conductivity remained constant (Fig. 5.13c). The
resistance, which does not include path length as part of the calculation of this
parameter, declined linearly with sample length (Fig. 5.13b) as expected and this
also indicates that the opening of increasing numbers of vessels was not affecting
resistance.

This result is similar to previously published studies, including a study that
examined the effect of segment length on a different liana species and also found no
effect of open vessels when segments were shortened from no vessels open to
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approximately 40 % of vessels open (Chiu and Ewers 1993). When samples are
very short (less than 1-2 cm in length) and have many vessels open, conductivity
has been shown to be impacted (Sperry et al. 2005), but samples this short are gen-
erally not utilized in hydraulic experiments and perhaps should be avoided because
of potential impacts on conductivity estimates. Thus, for samples within the range
of those typically measured (>5 cm), hydraulic conductivity estimates are reliable
and are not impacted by the presence of open vessels.

6 Conclusion

Study of the xylem structure and function of grapevines presents unique challenges,
but has the potential to increase our understanding of plant hydraulics, particularly
through increased appreciation for the dynamic nature of processes occurring within
xylem vessels. Vessels are not static and go through a lifespan that includes a period
of prefunctional development, a limited period of hydraulic function, and a period
of postfunctionality that may include the formation of either gels or tyloses within
the vessel lumen. Large seasonal changes in the cohort of active vessels and plant
hydraulic traits suggest that the xylem may be able to dynamically respond through-
out the season as conditions and hydraulic requirements change.
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Chapter 6
Lianas as Structural Parasites

Frank W. Ewers, Julieta A. Rosell, and Mark E. Olson

1 Introduction

Lianas, or woody vines, have been referred to as structural or mechanical parasites
(Putz 1984; Stevens 1987). Although they are rooted in the soil, they depend upon
host plants or other external objects for their mechanical support. Studies suggest
that lianas may be detrimental to the host trees. They receive “free” mechanical sup-
port and increase static mechanical loading on the hosts and also increase “sail area”
exposed to wind forces. They compete with the host, both above ground for light,
and below ground for water and mineral nutrients (Stevens 1987; Schnitzer 2005;
Schnitzer et al. 2005). When compared to free-standing species, lianas may be able
to provide water and minerals to their leaves without investing as much biomass in
stem mechanical tissues; they use wide vessels to apparent hydraulic advantage
(Fig. 6.1). They certainly have long stems; their tissue allocation strategy allows for
greater stem extension per unit carbon invested in stems than can self-supporting
plants (Gartner 1991a, b, c). Another feature of liana stems is they often have cam-
bial variants such as successive cambia or multiple vascular cylinders (Fig. 6.2),
which may allow for greater flexibility and effective wound healing following tree
fall events (Fisher and Ewers 1989, 1992).
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Fig. 6.1 Comparison of basal stem transverse sections of three growth forms within the genus
Bauhinia. From left to right, the liana B. fassoglensis, the tree B. blakeana, and the shrub B. galpi-
nii. The stems were each supplying about 3.5 m? of leaf area, but the liana was accomplishing this
with much less xylem area and much greater maximum vessel diameter. All three at the same
magnification, with the scale bar 200 pm. From Ewers et al. (1991)

Fig. 6.2 Lianas often have variant secondary growth, as shown in this transverse section of
Macfadyena unguis-cati of the Bignoniaceae. The “cross vine” morphology with phloem wedges
within the xylem is typical for lianas in this family. Very early in secondary growth (see area close
to the pith) four phloem wedges were produced (P); the vascular cambium in those areas produced
abundant phloem but very little xylem. Later four additional phloem wedges were produced.
Normal portions of the vascular cambium (VC) produced much xylem to the inside (red staining
here) and relatively little phloem to the outside of the stem. Such stems are flexible and effective
at wound healing. Scale bar is 500 pm
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Fig. 6.3 Controlling for stem diameter, non-self-supporting species (mostly lianas), on average
have wider vessels than in self-supporting species such as shrubs and trees. Data from 1,047 sam-
ples from 528 species from Olson and Rosell (2013), Olson et al. (2014), and Rosell and Olson
(2014). R*=0.62, slope 0.36

Most of the discussion in this chapter will be on the hydraulics of liana stems,
which are better known than the roots and leaves of lianas. Lianas consistently have
very narrow stems in relation to the leaf area they supply (Schenck 1893; Putz 1983;
Ewers et al. 1991). Liana stems have exceptionally wide vessels for a given stem
diameter as compared to self-supporting plants, often 500 pm or more in maximum
diameter in stems less than 20 cm in diameter. We have found examples of indi-
vidual liana vessels that were as wide as 700 pm (in large specimens of Cissus
hypoglauca and Entada phaseoloides). Similarly, the monocotyledonous “woody”
vine Smilax panamensis has vessels as wide as 700 um (Tyree and Ewers 1996). In
addition, for a given stem diameter liana vessels are exceptionally long, up to many
meters in maximum length. They have much less xylem transverse area and many
fewer fibers per unit stem transection than in trees or shrubs supplying similar leaf
areas (Ewers et al. 1989, 1991; Ewers and Fisher 1991). Although liana stems have
wider vessels than in similar diameter stems of trees and shrubs (Fig. 6.3), much of
this can be explained by the relationship between stem length and vessel diameter.
Hydraulic optimality models suggest that, for plants in general, longer stems should
have wider vessels near the base (West et al. 1999; Petit and Anfodillo 2009; Savage
et al. 2010; Sperry et al. 2012). Lianas may be most exceptional in having some of
the longest stems in the plant kingdom, up to 200 m or more (Burkill 1966). Lianas
are most common and abundant in the tropics and most of the examples in this
chapter involve tropical lianas. Grapevines are perhaps the most important and well
studied of the temperate lianas, and it serves for a case study in the chapter on
“Grapevine xylem development, architecture, and function.”
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2 Root Systems of Lianas, Root Pressures

There are biomechanical and carbon investment reasons to expect lianas to have dif-
ferent root systems as compared to self-supporting plants. The root systems of self-
supporting plants contribute in resisting mechanical loads (e.g., Niklas et al. 2002
and citations therein). Many large trees have deep bayonet, sinker, or tap roots which
help anchor the plants and presumably resist the forces resulting from loads such as
wind pushing the plants to one side (Fig. 6.4). Moreover, trees usually have multiple
laterally spreading roots close to the surface that also likely act in transmitting lateral
mechanical loads to the substrate. Many trees, especially tropical trees, also have
root buttresses. Given that lianas are supported by the host plant along their lengths,
and often trail on the ground before ascending into the canopy (Fig. 6.4), in most
cases the mechanical loads transmitted to the root system are negligible. In lianas,
freedom from mechanical selection pressures on stems and roots could make large
amounts of carbon available for diversion to other structures. One possibility is that
with greater carbon available for investment in roots, lianas could have deeper root
systems on average than self-supporting plants of similar crown area, and thus
proportionally greater access to water. It has also been observed that liana roots tend
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Fig. 6.4 Mechanical loading and potential rooting depths of trees versus lianas. The root system of
a tree (gray) includes lateral support roots and vertical bayonet, sinker, or tap roots (tree drawing
follows Niklas et al. 2002). These roots help resist mechanical loads, such as wind (large horizonal
arrow). Tension and compression forces (small black arrows) are transmitted to the roots and
through them to the ground (black horizontal line is ground level). In contrast, in lianas (black),
essentially no mechanical loads are transmitted from the stem to the roots. Carbon that would oth-
erwise be allocated to support roots can be deployed as resource acquiring roots. The drawing here
uses the same number of pixels (carbon) to draw the belowground parts of the tree and the liana.
Using a similar amount of “carbon” as the tree, the liana can potentially reach deeper water sources
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Table 6.1 Root versus stem Vessel diameter Roots+SE Stems+SE
vessel diameters, with a

. . . Mean, liana species 121+9 164 +22?
comparison of 8 liana species -
and 11 free-standing species Mean, free standing 120+9 101+11°
(trees and shrubs) of the Maximum, liana species 240+20 304 £42*
Fabaceae Maximum, free standing 197+23 164+16*

For liana species, vessels were significantly wider (in pm)
in woody stems than woody roots. In contrast, for free-
standing species, vessels were significantly wider in roots.
Liana stems differed from stems of free-standing growth
forms, but the root vessel diameters were not different
between growth forms. From Ewers et al. (1997b)
*Significant difference between stems and roots based
upon Wilcoxon’s Singed-Rank test at p<0.05

to have larger rays, more axial parenchyma, and more parenchyma in contact with
vessels than what occurs in trees (Carlquist 1985a, 1991).

It has been suggested that lianas may have exceptionally deep roots compared to
trees (Putz 1984; Schnitzer 2005; Chen et al. 2015), but this is not a consistent trait.
Both shallow and deep rooted liana species can be found at a site (Tyree and Ewers
1996), and some lianas have very large basal tubers developed from the hypocotyl
or from the root (Brenan 1967; Mooney and Gartner 1991; Hearn 2006). Based
upon stable isotope composition of the xylem sap versus soil water at various
depths, lianas may obtain their water from deeper soils than the trees they climb
upon. However, this varies with the site and the season. In one study, liana species
appeared to obtain water from similar depths as did co-occurring trees in both the
wet and dry season (Andrade et al. 2005). In another study, at two sites with severe
seasonal soil water deficit, lianas used a significantly higher proportion of “deep soil
water” during the dry season (from 151 to 250 cm depth) than did co-occurring
trees. However, the same study showed that at a third site, which had moist soils
even in the dry season, lianas and trees appeared to obtain water from similar depths
(Chen et al. 2015).

In terms of vessel diameter, a study of 51 liana species and 11 nonclimbing spe-
cies (trees and shrubs) showed there was no significant difference between growth
forms in the root vessel diameters (sampled woody roots were about 9 mm diameter
for both growth forms). This same study showed consistently wider vessels in the
stems of lianas than in similar diameter stems of trees and shrubs (Ewers et al.
1997b). A subset of those results, for eight liana species and 11 free-standing spe-
cies all of the Fabaceae, are summarized in Table 6.1. Unfortunately, vessel lengths
in roots of lianas have been little studied due to the general difficulty of sampling
long roots of woody plants.

Root pressures are reported to be much more common in climbing plants than in
trees (Fisher et al. 1997; Ewers et al. 1997a; Jiménez-Castillo and Lusk 2013). Some
of the classic reports of root pressure involved lianas (Hales 1727; White 1938). Root
pressures, caused by osmotic water uptake following solute taken into the root stele,
are generally greatest during rainy seasons and when transpiration is minimal such as
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at night, during rainstorms, or just prior to leaf emergence in the case of deciduous
lianas (Sperry et al. 1987; Cochard et al. 1994; Fisher et al. 1997; Tibbetts and Ewers
2000). Reported root pressures in lianas (e.g., maximum of 148 kPa near the stem
base in Cissus, Vitaceae; Fisher et al. 1997) are usually modest, mostly well under
100 kPa, and probably not sufficient to reverse embolism in the upper stems in a for-
est canopy. Even without leakage or absorption, the gravity gradient would indicate
aloss of 10 kPa per m of height. However, root pressures in lianas may be significant
in reversing possible embolism in roots and in the lower stems. They may also reflect
a high starch storage capacity in roots of lianas, given the high amounts of paren-
chyma in the roots and the common occurrence of storage tubers (Mooney and
Gartner 1991). When the starch is broken down and mobilized, it could contribute to
root pressures. However, the common occurrence of root pressures in lianas may also
be due to lower capacitance in liana stems relative to trees. In trees, root pressures
may be quickly dissipated with height as there is absorption of water under positive
pressure into the various tissues of the wide stems. It may be that shallow rooted
liana species are more likely to exhibit root pressures than deep rooted species. Root
pressures may dissipate along an extended xylem pathway from deep soils.

3 Leaves of Lianas

The leaves of lianas, although highly variable, appear to differ from those of trees,
especially in dry tropical forests. Compared to the host trees on which the stems
climb, liana leaves can have lower leaf mass per area, they often have greater maxi-
mum photosynthetic capacity, they are shorter lived, and they have higher nitrogen
and phosphorous content (Cai et al. 2009; Zhu and Cao 2009; Tang et al. 2012). One
study showed that leaves of two liana species were more prone to embolism than the
tree species that they were climbing upon (Johnson et al. 2013). However, in two
studies liana leaves gave very similar results as tree leaves for many physical and
physiological parameters (Santiago 2010; van der Sande et al. 2013). And when gas
exchange measurements were made the day after a rainstorm in the canopy of a
moist tropical forest, sun leaves of lianas underperformed compared to host trees,
with lower rates of stomatal conductance and lower rates of carbon assimilation
(Santiago and Wright 2007). Another study showed that liana leaves had greater
photosynthetic capacity than the host trees at seasonally dry sites, but there was no
apparent liana advantage at moist sites (Chen et al. 2015).

4 Stem Xylem Conductivity

Unlike free-standing growth forms, liana stems have both wide vessels and rela-
tively high vessel frequency per mm? (Carlquist 1991; Baas et al. 2004). Since the
mechanical requirements are much less for liana stems than for free-standing spe-
cies, it follows that lianas tend to have lower wood density, lower percent fiber area,
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Fig. 6.5 Based upon a meta-analysis, lianas are shown to have long vessels when compared to
self-supporting growth forms (shrubs and trees). Each bar represents a different species. From
Jacobsen et al. (2012)

and vessel diameters and frequencies that are closer to the theoretical “packing
limit” (Crivellaro et al. 2012).

Liana stems are well known to have wider vessels and higher specific conductiv-
ity (hydraulic conductivity per xylem transverse area, K;) than in trees and shrubs of
similar stem diameters (Ewers et al. 1989, 1991; Gartner et al. 1990; Chiu and
Ewers 1992; Feild and Balun 2008; Zhu and Cao 2009; Jiménez-Castillo and Lusk
2013). Similarly, sap flow gauges have shown lianas to have much higher sap flux
density (J, in g m= s7!) than trees, at least when soil water availability is high (Chen
et al. 2015). Lianas also have greater average vessel lengths (Fig. 6.5) and greater
maximum vessel lengths than in free-standing growth forms of similar stem diam-
eters (Ewers and Fisher 1989a, b; Ewers et al. 1990). Given the wide vessel diam-
eters, the high K; and J; values in liana stems can be explained by Poiseuille’s Law
for ideal capillaries. Conductivity should be proportional to vessel diameter to the
fourth power. As an illustrative example, in a study of five liana species and nine
tree species which served as hosts, mean vessel diameter was 2.2 times higher in the
lianas, and the mean K was 18.3 times higher (Jiménez-Castillo and Lusk 2013).
For perfect capillaries, a 2.2-fold increase in diameter would correspond to a 23-fold
increase in conductivity, roughly similar to the 18.3-fold increase observed. As
another example, in a common garden study, comparisons of lianas versus free-
standing growth forms within the genus Bauhinia showed the liana species to have
about six times greater K, but the free-standing species had about five times greater
Huber values. The leaf-specific conductivity, LSC, was similar in the different
growth forms (Table 6.2).

Although Poiseuille’s Law provides a good first approximation, vessels do not
behave as ideal capillaries, of course. For one thing, conductivity appears to be
colimited by vessel length as well as vessel diameter; measured conductivity is typi-
cally about 50 % of that predicted by Poiseuille’s Law. Vessel length is much less
measured than vessel diameter, but lianas have among the longest vessels reported
in the plant kingdom (Fig. 6.5).
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It has been well established for lianas that within a stem are a wide range of
vessel diameters and lengths, with more short and narrow conduits than long and
wide ones (Carlquist 1985a; Ewers and Fisher 1989a, b; Ewers et al. 1990).
The same may apply, but to a lesser extent, to plants in general (Zimmermann and
Jeje 1981; Zimmennann and Potter 1982; Tyree and Zimmermann 2002).

Mean vessel diameter provides only very simplified prediction of the conductiv-
ity. The hydraulically weighted vessel diameter (Kolb and Sperry 1999) is a much
better predictor, but that is also a simplification since stems also vary in vessel fre-
quency per transverse area. Vessel frequency is generally inversely proportional to
mean vessel diameter in plants (Zanne et al. 2010). However, in addition to greater
vessel diameter, lianas are sometimes reported to have greater vessel frequency than
in related trees and shrubs (Carlquist 1975, 1985a, 1991; Ewers and Fisher 1991;
Gasson and Dobbins 1991). All of these sources of variation affect measures of
hydraulic performance in lianas.

The K, values correct for xylem transverse area whereas leaf-specific conductiv-
ity, LSC, controls for the leaf area supplied by a stem. Although K; are consistently
high in lianas, the LSC values have been reported as similar or lower in lianas than
in trees and shrubs (Ewers et al. 1991; Gartner 1991a; Tyree and Ewers 1996; Feild
and Balun 2008; Zhu and Cao 2009). In those studies the only consistent advantage
that liana stems had is a low Huber value, that is, low xylem transverse area per leaf
area supplied. However, K, LSC, and Huber value do not correct for the length of
the pathway. If we consider the greater internode elongation for lianas, and the long
and rambling pathways that liana stems often take along the ground and through the
canopy, the hydraulic advantage for liana stems may disappear. Liana stems can be
up to 200 m in length (Burkill 1966), much longer than the pathways that water
travels in the host tree. Given the low Huber values there would appear to be little
redundancy per leaf area supplied in the liana stem compared to the host trees on
which they climb. When liana vessels become embolized the alternate routes for
water transport may be severely diminished, unless narrow vessels and tracheids,
mentioned below, can partially compensate. In addition, the greater lengths of liana
stems can mask the total biomass allocation. In a study comparing lianas with free-
standing shrub forms of the same species, the lianas had greater stem lengths but
that same above ground biomass (Gartner 1991b, c).

It has been argued that the evolution of the vessel may have been essential to the
widespread evolution of the liana habit in angiosperms (Feild et al 2012). Among
gymnosperms the most prominent lianas are among the Gnetales, which have ves-
sels that are functionally very similar to those of angiosperms (Fisher and Ewers
1995). Conifers do not include lianas in the usual sense, although there are some
prostrate or scrambling conifers. The limitation of tracheids as conduits may be
related to the fact that, in a tracheid-based transport system, the tracheid provides
mechanical support as well as transport (see chapter on “The hydraulic architecture
of conifers”). The mechanical function of tracheids may limit the hydraulic poten-
tial of tracheid systems (Pittermann et al. 2006). In contrast, vessel systems depend
on fibers for mechanical reinforcement. Xylem fibers are important for stem support
for plants in general, but perhaps also for the prevention of implosion of vessels
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when the water columns are under tension (Carlquist 1975; Hacke et al. 2001;
Jacobsen et al. 2005). This is not mainstream thinking, but in lianas fiber presence
and distribution may be mostly favored in the prevention of vessel implosion, since
the stem support needs are largely provided by the host plant.

5 Stem Length and Vessel Diameter in Lianas

From Nehemiah Grew (1682) to the present day (e.g., Schenck 1893; Ewers et al.
1990; Fisher and Ewers 1995; Fisher et al. 2002; Baas et al. 2004; Gartner et al.
1990; Carlquist 1991; Gartner 1991b; Cai et al. 2009; Isnard and Silk 2009; Zhu and
Cao 2009; Angyalossy et al. 2012; Jiménez-Castillo and Lusk 2013; van der Sande
et al. 2013; Wyka et al. 2013), virtually every published work on liana anatomy or
hydraulics remarks that lianas have exceptionally wide vessels. These studies usu-
ally take stem diameter as their basis for comparison, and it is clear that lianas have
much wider mean vessel diameters for a given stem diameter than self-supporting
plants do. What is not clear is whether stem diameter is always the appropriate met-
ric for making these comparisons.

There are reasons to expect mean vessel diameter to be predicted by stem length
across plant habits. The biological significance of Poiseuille’s law, published in the
mid-1800s, was not lost on plant biologists, who soon invoked notions of hydraulic
resistance to explain the wide vessels of lianas (e.g., Westermaier and Ambronn
1881; Haberlandt 1914). Lengthening of a vessel of constant diameter adds fluid-
wall friction and therefore hydraulic resistance. As a consequence, with no vessel
diameter increase, flow rate would drop as the stem and therefore the conductive
path becomes longer. Vessels tend to be narrow closer to stem apices, and even nar-
rower in terminal leaf veins. The average diameter of vessels widens with distance
from the stem tip. The phenomenon is readily seen in transverse view as a radial
increase in vessel diameter in going from the pith out to the vascular cambium.
Narrow vessels near the stem center correspond to when the stem was short (see
Mencuccini et al. 2007). Although often attributed to Sanio (1872), the pattern of
conduit increase with growth was first described by Grew (1682). Although the idea
that conductive path length should be related to vessel diameter has been present in
the literature for a long time (Westermaier and Ambronn 1881; Haberlandt 1914;
Ewart 1904-1905; Jost 1907; Cowan 1965), it was not modeled until fairly recently.

The vessel diameter—stem length relationship has been modeled thoroughly by
West et al. (1999), Becker and Gribben (2001), McCulloh et al. (2003), Mencuccini
(2002), Enquist (2003), Mencuccini et al. (2007), Coomes et al. (2007), Petit and
Anfodillo (2009), Petit and Anfodillo (2011), Savage et al. (2010), Sperry et al.
(2012), and von Allmen et al. (2012). Recent data seem congruent with the expecta-
tion that conductive path length, as reflected by stem length, predicts average basal
vessel diameter in both self-supporting and non-self-supporting plants. In their
comparative study of mean vessel diameter—stem length relations, Anfodillo et al.
(2006) included one non-self-supporting plant, Hedera helix. They plotted the aver-
age hydraulically weighted conduit diameter against stem length across 31 species.
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Fig. 6.6 The relationship between mean vessel diameter and stem length. Lianas are traditionally
regarded as having wide vessels, but they have the same mean natural (nonhydraulically weighted)
vessel diameter that self-supporting plants do for a given stem length (a). Because lianas tend to
have greater maximum and minimum vessel diameters (greater extremes within a stem), their
hydraulic vessel diameter tends to be very slightly greater than in self-supporting plants when stem
length is controlled for (b). After Rosell and Olson (2014)

They found that mean vessel diameter was predictable given stem length, with taller
plants having predictably wider vessels basally. Hedera fell where it would be
expected to given its stem length. Rosell and Olson found that the slope of the vessel
diameter—stem length relationship was the same in both lianas and self-supporting
plants (Fig. 6.6a). Moreover, for a given stem length, lianas had slightly greater
average hydraulically weighted diameters as compared to self-supporting plants.
This appears to be achieved by a widening of the vessel diameter variance in lianas.
That is, lianas have more extremes in vessel diameter within a stem. The occurrence
of just a few wider vessels is sufficient to make the mean hydraulically weighted
vessel diameter of lianas slightly wider than those of similar length self-supporting
plants. In contrast to the common perception, when standardized by stem length, the
difference in mean vessel diameter between lianas and self-supporting plants is very
subtle (Fig. 6.6b). This comparison underscores the need to standardize by stem
length in morphological and physiological studies of the xylem (see Sect. 6.11). In
addition, this result highlights an often overlooked aspect of lianas, mentioned ear-
lier, their abundance of narrow vessels.

6 The Importance of Narrow Vessels and Tracheids in Lianas

One of the interesting/complicating things about liana stems is that they tend to
have an exceptionally high number of narrow vessels in addition to their wide ves-
sels (Carlquist 1985a; Ewers and Fisher 1989a, b; Ewers et al. 1990), as illustrated
by an example in Fig. 6.7. In addition, conductive imperforate cells (various types
of tracheids) are common in liana stems.
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vessel

Fig. 6.7 In addition to wide vessels (portions of three are shown here), lianas tend to have a large
number of narrow vessels, as in this stem of Gouania lupuloides (Rhamnaceae). The narrow ves-
sels (circled in yellow) may be important for redundancy of the hydraulic pathway. The narrow
vessels and fibers may also function in mechanical support of the transport system, preventing
implosion under water stress

The narrowest vessels in a stem can be difficult to detect without corroborative
observations with longitudinal sections or macerations. Narrow vessels may be
confused with tracheids or even fibers in some cases. Figure 6.8a, b shows different
tissue allocations in a liana and tree stem, and the impact of narrow vessels on mea-
surements of mean, median, and hydraulically weighed mean vessel diameters in a
tree and a liana. Narrow vessels of lianas can lead to a misleading value for mean
vessel diameter; hydraulic means should be used if the interest is in conductive
potential. However, as noted by Carlquist (1985a, b) the narrow vessels may be
important for hydraulic redundancy and alternate pathways in the event of vessel
dysfunction. Narrow vessels may also have a mechanical role, along with the fibers,
in helping to prevent vessel implosion by the wide vessels.

Conductive imperforate tracheary elements have been classified as true tracheids,
vasicentric tracheids, and vascular tracheids (Carlquist 1985b; Rosell et al. 2007).
Vasicentric tracheids (see also the chapter on “Integrative xylem analysis of chapar-
ral shrubs”) are particularly common in lianas and are found in vessel groupings,
often large ones, apparently serving as maximally safe conductive cells that both
connect vessels laterally as well as maintain a minimal conductive stream in case of
embolization of the wide vessels. In contrast to the large groups of vessels and vasi-
centric tracheids in lianas, when true tracheids are present, vessels are solitary as
seen in transverse view.
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Fig. 6.8 Stem cross sections of a stem of a liana (Bauhinias. fassoglensis) and a tree (B. blakeana)
each supplying the same leaf area. (a) Comparison of tissue distributions of stems, arrow indicates
maximum vessel diameter. (b) Comparison of vessel diameter frequency distributions from same
stems. Note that in this case the mean vessel diameter was essentially the same, but the maximum
vessel diameter was much greater in the liana. The hydraulic mean vessel diameter was 112 pm for the
tree versus 286 pm for the liana. (a) is From Ewers and Fisher (1991), (b) is from Ewers et al. (1991)

7 Hormonal Mechanisms of Vascular Differentiation
and Hydraulic Adaptation

The global pattern of tip-to-base vessel widening that occurs across the flowering
plants is consistent with what is known about the hormonal control of vascular
development. Vessels appear to develop in the context of an auxin gradient along
the length of stems. Auxin is apparently produced in abundance in developing leaves
(Uggla et al. 1998; Scarpella and Meijer 2004), and directional movement of auxin
along the sites of differentiating secondary xylem cells establishes a high—low con-
centration gradient leaf to root (Aloni and Zimmermann 1983; Aloni 1987; Lovisolo
et al. 2002). In the case of basipetal vessel widening, lower concentrations of auxin
correlate with the developmental outcome of wider vessels. Wider conduits appear
to develop because of a longer time of development rather than an accelerated
widening rate (Anfodillo et al. 2012, 2013).

Models of vascular differentiation highlight missing developmental information
vital to testing hypotheses of the adaptive causes of tip-to-base vessel widening. It
is clear that there must be some developmental mechanism controlling vessel diam-
eter, but the particulars are hardly important when trying to elucidate why the pat-
terns are observed. Even if every species of plant on the planet had a completely
different developmental mechanism, the adaptive prediction of West et al. (1999)
would remain valid, as would efforts to test it with anatomical data. In fact, the
majority of studies examining vessel-stem size scaling, such as West et al. (1999),
Becker and Gribben (2001), McCulloh et al. (2003), Mencuccini (2002), Mencuccini
et al. (2007), Coomes et al. (2007), Savage et al. (2010), Gleason et al. (2012),
Sperry et al. (2012), and von Allmen et al. (2012) cite no developmental information
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at all and require none. This is because developmental mechanisms do not predict
why a global vessel diameter—stem diameter relationship should be observed across
the angiosperms, much less that a specific exponent should be observed. Natural
selection acts on heritable variation between individuals. Establishing the adaptive
basis of vessel widening therefore involves understanding the degree to which heri-
table variation in vessel widening exponents is possible, and to study directly how
these different exponents vary in their hydraulic performance (cf. Olson 2012).

8 Lability Between Self-Supporting and Climbing Habits

Depending upon their climbing mode, lianas can be characterized as shoot twiners,
tendril climbers, root climbers, and scramblers, the latter of which tend to fall upon
their host plants (Reddy and Parthasarathy 2006; Campanello et al. 2007). Lianas
may have thorns, spines, or hooks to latch onto the host. The scrambler mode would
seem to require the fewest evolutionary steps.

The tendency for mechanically supported stems to become liana like in xylem
properties may be inherent to all woody plants, as can be observed by well-known
“thigmotrophic” responses. Within a species, or even within a clone, when plants
are provided mechanical support by staking the stems, the stems become liana like
compared to stems that are either self-supporting or stems subjected to mechanical
perturbation. In a wide range of gymnosperms and angiospermes, it has been shown
that staked stems are longer and narrower than free-standing stems, with larger
leaves (Neel and Harris 1971; Pruyn et al. 2000; Kern et al. 2005). The xylem prop-
erties of unperturbed staked stems also become more liana like, with greater K
greater mean, maximum and hydraulic vessel diameters, and greater vessel lumen
area per xylem area. It is of particular interest that in staked plants, although the
vessel diameters increase, the vessel frequency per transverse area remains the same
(Gartner 1991a; Kern et al. 2005). Selection for a mechanically weaker stem would
be concomitant with a longer, narrower axis with wider vessels near the base.

An interesting case study involved a species, Toxicodendron diversilobum, which
grows as a liana when provided external mechanical support but grows as a shrub
when free standing (Gartner 1991a, b, c¢). Supported stems had lower Huber values,
greater K, greater vessel diameters, and greater vessel lumen areas than free-
standing stems (Gartner 1991a, b). However, the leaf biomass, leaf number, and
stem biomass were not different between growth forms. Supported stems were lon-
ger and had a more gradual taper. They had greater internode elongation than free-
standing stems (Gartner 1991b, c). Apparently the liana habit mostly involved
“stretching out” the stem. As discussed in Sect. 6.5, with greater stem lengths, the
wider vessels in supported stems would be as expected.

Plastic variation between self- and non-self-supporting forms within species is
paralleled by extreme evolutionary liability between self- and non-self-supporting
plants. The liana habit has arisen many times in the flowering plants (Fig. 6.9). For
example, Trimenia moorei is closely related to self-supporting Trimenia species,
and Bursera instabilis, an unusual tree with lianescent branches, is found within an
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Fig. 6.9 Ordinal distribution of lianas, following Stevens (2001). Orders that include climbing
plants are boxed in gray to show that they are present in almost all orders of angiosperms. Within
orders, it seems that there have been very frequent independent derivations of the liana habit from
self-supporting ancestors. Some orders, such as Cucurbitales, Malpighiales, Solanales, and Vitales
include self-supporting species that have apparently evolved from liana ancestors
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otherwise self-supporting genus (Rosell et al. 2012). Every time lianescence arises,
it is accompanied by the attendant shifts in vessel diameter—stem diameter propor-
tions. By the same token, the shift from liana to self-supporting plant seems to have
occurred numerous times (e.g., Lahaye et al. 2005). One route to the evolution of
self-supporting plants from lianas likely is the cooption of the very abundant storage
parenchyma (Carlquist 1985a) to form self-supporting water storing trees, often
with twining or tendril-bearing branches (e.g., Dendrosicyos, some tree Ipomoea,
Adenia karibaensis, etc., see Olson 2003; Hearn 2009).

9 Problems of Sampling Vessels in Long Stems

In most cases, stem diameter has been used as a basis for comparison between
growth forms. Comparisons based upon supplied leaf area have also been done.
However, as noted above, lianas have much longer stems for a given diameter than
do self-supporting plants. If mean vessel diameter is a reflection of stem length, then
comparisons that are standardized by stem diameter will reflect very different con-
ductive path lengths. Given a constant rate of basipetal vessel widening, then the
lianas, with their very long stems, will inevitably have much wider vessels and
therefore higher mean vessel diameters, higher conductivities, greater embolism
vulnerabilities, and probably longer vessels as well.

Standardizing comparisons by stem length and by leaf area supplied would
seem more appropriate, especially for main trunk comparisons. Comparing a 60 m
long liana and a 60 m long self-supporting tree shows that these both have similar
mean vessel basal diameters (Rosell and Olson 2014). Use of the residuals of mean
vessel diameter regressed on stem length is one way of “factoring out” stem length
(Olson et al. 2014).

Studies of plant hydraulics need to take conductive path length into account. To
the extent that vessel diameter is related to vulnerability to cavitation and embo-
lism, comparing stem segments drawn from different distances to the stem tip cer-
tainly introduces a confounding factor. The wider vessels of the stem taken from a
greater distance to the tip will have many wider vessels and therefore higher flow
rates and vulnerabilities to embolism (Petit and Anfodillo 2009, 2011). Vessels are
expected to become longer with increasing distance from the stem tip (Comstock
and Sperry 2000).

The exponential form of tip-to-base vessel widening must be taken into account.
Vessel widening follows a power law in which the slope of the mean vessel diameter—
stem length curve becomes less pronounced with distance from the tip. As a result,
variation in vessel diameter per unit stem length increment will be much more pro-
nounced when sampling terminal twigs as compared to main trunks. The best strat-
egy for standardizing in these cases is not entirely clear, mostly due to the potential
role of leaf size and its influence on terminal twig vessel diameter. Larger leaves
have longer conductive paths within the lamina and so we would predict them to
have wider vessels in their petiole bases.
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Following that logic, plants with larger leaves should have wider terminal twig
vessels. Some work remains to be done to identify ways of generating truly compa-
rable measurements of hydraulic performance in twigs (Petit and Anfodillo 2011).
Moreover, recent results suggest that terminal twig vessel diameters scale positively
with tree height and liana stem length (Olson et al. 2014). This would mean that stem
length could potentially be a confounding factor not only in comparisons between
liana and self-supporting plant twigs but leaves as well. This is because wide terminal
twig vessels might indicate wider vessels entering into petioles. If plants of many
different lengths were sampled in these comparisons, then the results might reflect
the variation introduced by stem length rather than inherent liana/self-supporting dif-
ferences. As a result, studies that standardize by stem length are needed.

Studies of hydraulic performance on lianas also face the challenge of taking into
account the changing stem proportionalities that lianas undergo tip to base. The
terminal parts of liana stems are often mostly self-supporting. These “searcher”
stem segments help lianas make their way across open spaces between host branches.
The stem length—diameter relations in self-supporting plants and lianas less than
I m long are quite similar (Fig. 6.10). Therefore, studies of liana hydraulics based
only on slender terminal stems may not accurately reveal the differences between
lianas and self-supporting plants.
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Fig. 6.10 Self- versus non-self-supporting plant stem length—diameter allometry, based on data
from 2,388 samples from 472 species. From Olson et al. 2014, Rosell and Olson 2014 and
unpublished data. R?=0.76, self-supporting slope 0.90, non-self-supporting slope 1.065. There is
extensive overlap at short stem lengths, but as stem length becomes longer, there are fewer and
fewer individuals occupying the space between the main liana and self-supporting scaling lines
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10 Xylem Dysfunction in Lianas

Since LSCs are not exceptional in lianas, the predicted stem pressure gradients in
lianas are similar to those for trees and shrubs with similar transpiration rates
(Table 6.2). Thus, lianas with very long stems could actually be at a hydraulic dis-
advantage in a mature forest.

Considering the great lengths that liana stems typically have, the few long and
wide vessels in the basal parts of liana stems may represent low-cost high-risk
investments. Such conduits should be more vulnerable to embolism caused by
freeze—thaw, water stress, bending stress, pathogens, and herbivores. An additional
level of risk is the low level of redundancy in liana conduits (Carlquist 1975; Ewers
et al. 2007). Low Huber values in liana stems indicate there are fewer alternate
pathways when some vessels become air blocked—this adds to the risk in the liana
transport system, which may or may not be sufficiently ameliorated by abundant
narrow vessels and tracheids in the xylem.

As would be predicted from their wide vessels and low vessel redundancy, liana
stems tend to have higher Ps, values than the trees they climb upon, that is, they are
more vulnerable to water stress-induced embolism (Zhu and Cao 2009; van der
Sande et al. 2013). In addition, lianas are clearly more prone to freeze—thaw
embolism than are trees in temperate areas (Zimmermann 1983; Sperry et al. 1987;
Tibbetts and Ewers 2000; Jiménez-Castillo and Lusk 2013). In fact, vulnerability to
freeze—thaw embolism may be the major reason that lianas are much more common
in tropical than in temperate forests.

11 What Lianas Tell Us About Self-Supporting Plants

Here, we briefly explain how lianas might help to identify features that are likely
adaptive, both in lianas as well as in self-supporting plants, as opposed to those due
to “constraint,” that is, a lack of developmental alternatives (Olson 2012). The theo-
retical packing limit is a prime example. The packing limit refers to the limited
range of values that the relationship between conduit number and conduit diameter
must necessarily occupy. The proportion of a given trans-sectional area of stem that
is occupied by vessels is maximally 1 and minimally 0. As a result, because of the
inescapable space trade-off involved in packing many small or few large conduits
into a given area, the conduit number and diameter relationship can be thought of as
“constrained” (Zanne et al. 2010). This space trade-off is associated with the nega-
tive relationship between vessel diameter and vessel density across the flowering
plants, as well as the decay in vessel density with distance from the stem tip (Zanne
et al. 2010; Olson et al. 2014). Lianas have higher vessel densities for a given aver-
age vessel diameter than self-supporting plants do. This can be due both to the lack
of need to pack in as many fibers in the liana stem, as well as the tendency for lianas
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to have many narrow vessels in addition to wide ones. While variation is bounded
by the packing limit, the exact position of the vessel density—diameter intercept in
self-supporting plants should be determined by natural selection (Crivellaro et al.
2012; Rosell and Olson 2014).

For stems longer than 2 m, the slope of the liana length—diameter relationship is
statistically indistinguishable from that in self-supporting plants, with a signifi-
cantly higher intercept in lianas. At shorter stem lengths, especially 2 m or shorter,
stem length—diameter relations between lianas and self-supporting plants are very
similar. For stems of up to 4 m long or so, many plants can be found with stems that
lean or rest on other plants, without twining or climbing. Such intermediate mor-
phologies are never observed at long stem lengths, beyond 10 m long. Figure 6.10
illustrates this tendency. This pattern suggests that leaning or semi-self-supporting
plants of very long stem lengths are not favored by selection. This pattern of selec-
tion then leads to the empty space shown on the right of Fig 6.10.

12 Global Distribution of Lianas and Liana Strategies

Lianas are most diverse and abundant in tropical forests, especially dry tropical
forests (Schnitzer and Bongers 2002; Schnitzer 2005). In such areas freeze—thaw
embolism is generally not a risk. It has also been suggested that the thriving of lia-
nas in dry tropical forests may be due to an exceptionally deep rooting system that
taps into water resources that are not available to trees (Chen et al. 2015). Lianas
have high levels of native embolism in their stems—they may operate with a narrow
hydraulic safety margin (Tibbetts and Ewers 2000; Jiménez-Castillo and Lusk 2013;
Johnson et al. 2013). If stems are “expendable” and roots are conserved, then a
high-risk strategy for the stems and leaves would be adaptive.

Although lianas can survive at the top of mature forest canopies, they are most
competitive and abundant in secondary forests and, in mature forests, in tree fall gaps
(Putz 1984; Schnitzer 2005; Schnitzer et al. 2005; Schnitzer and Bongers 2011;
Jiménez-Castillo and Lusk 2013). Based upon liana exclusion studies, at tree fall
gaps lianas dramatically decreased the biomass production of trees (Schnitzer et al.
2014). In an extensive study of Costa Rican forests, the number of liana stems
declined significantly with age of the forest, while the number of self-supporting
stems did not change. With advancing forest age, species richness and biomass
increased significantly for self-supporting plants, while lianas held steady or some-
times declined in those parameters (Letcher and Chazdon 2009). The predicted xylem
pressure gradients are similar in stems of lianas as in free-standing growth forms
(Table 6.2), which could mean that extremely long stems of lianas would eventually
be at a hydraulic disadvantage. However, the relationship between vessel diameter
and stem length should adjust for that in large plants. Such predictions also do
not account for possible foliar absorption of water during periods of mist or rain
(Rundel 1982; Burgess and Dawson 2004; Breshears et al. 2008; Limm et al. 2009).
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We are not aware of studies of foliar absorption of water by liana leaves, but
that phenomenon would dampen the pressure gradients and otherwise mitigate
water stress.

In addition to the well-known “mechanical parasite” strategy, lianas might be
categorized as ruderal plants (sensu Grime 1977) considering that they thrive most
in early successional situations. This may be surprising given their great stem
lengths. The inexpensive stems (on a per unit stem length basis) with throw-away
leaves may be central to the ruderal liana strategy. This is especially evident in dry
tropical forests, tree fall gaps, and in secondary tropical forests, where lianas most
thrive (Schnitzer and Bongers 2002; Schnitzer 2005). Although lianas appear to be
exceptional for their long and wide vessels, the great vessel widths may be only
commensurate with their remarkable stem lengths. The anomalous anatomical fea-
tures of many liana stems, such as successive cambia surrounded by unlignified
conjunctive tissue, wide unlignified vascular rays, multiple steles and sectored
xylem, all tend to increase stem flexibility and regeneration capacity in the event of
tree falls and other disturbance events (Dobbins and Fisher 1986; Fisher and Ewers
1989; Ewers and Fisher 1991; Fisher and Ewers 1992; Carlquist 2007). Many lianas
are very effective at sprouting from the basal parts of the shoot. For example, Putz
(1984) reported that 90 % of lianas at a site in Panama sprouted within 12 months
after their host trees fell. Some lianas also are capable of splitting along sectored
xylem to form new individuals (Caballe 1994). When mature liana stems touch
ground, they are very capable or rooting and in some cases forming new individuals
by vegetative spread (Fisher and Ewers 1991). The root systems of lianas may be
long lasting, and as noted above, the root xylem has abundant storage parenchyma.
In contrast, the shoots may be expendable.

13 Future Research Directions

Many questions remain to be addressed, making liana biology a fertile field for
research. The distinctness of roots systems of lianas versus self-supporting plants is
one. Foliar absorption could ameliorate the water relations of liana shoots, but this
has not been studied. There is a need to establish methodologies for making conduc-
tive path length-standardized comparisons of vessel dimensions and hydraulic per-
formance between lianas and self-supporting plants, including the need to take leaf
size into account. For analysis of risk, structure and function studies need to take
into account the total length of the xylem pathways. The relative level of hydraulic
redundancy in lianas is at question given the low Huber values but abundant narrow
vessels and frequent presence of vasicentric tracheids. A clear priority is also deter-
mining whether variation in the taper exponent is heritable and how this variation
affects hydraulic performance. Lastly, if lianas are regarded as ruderal, then they are
the world’s longest weeds. Although much remains to be studied, it is clear that
when the proverbial “tree falls in the forest,” whether someone hears it or not, lianas
have the hydraulic capacity to rapidly exploit the newly opened space.
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Chapter 7

Integrative Xylem Analysis of Chaparral
Shrubs

R. Brandon Pratt, Marta 1. Percolla, and Anna L. Jacobsen

1 Chaparral Shrublands

1.1 The Ecological and Evolutionary Context of a Model
Community for Physiological Studies

The chaparral shrub community is dominated by evergreen sclerophyllous shrubs
and primarily occurs in southern California (Fig. 7.1a) (Parker et al. in press). The
chaparral has probably been more studied in an ecophysiological context than any
other natural vegetation type in the world. The species that dominate this vegetation
type have proven to be excellent model organisms for a range of physiological stud-
ies including studies of photosynthesis (Field and Mooney 1986), water relations
(Morrow and Mooney 1974; Poole and Miller 1975), drought tolerance (Harrison
et al. 1971; Kolb and Davis 1994), and xylem structure and function (Carlquist and
Hoekman 1985; Hargrave et al. 1994; Wagner et al. 1998). This chapter will focus
on xylem traits and for a recent broader review see Parker et al. (in press).

There are important reasons why chaparral vegetation has drawn the attention of
physiologists (reviewed in Field and Davis 1989). One chief reason is that the envi-
ronment where chaparral occurs is predictably stressful, thus providing a clear eco-
logical context for understanding stress resistance traits. The source of the stress is
the Mediterranean-type climate that characterizes the region where chaparral occurs
in California. The precipitation falls as rain in the winter months when the tempera-
tures are cool and the summers are hot with a predictable 4—6 months rainless period
(Cowling et al. 2005). During the summer and fall, many species develop consider-
able water deficits and consistently have some of the lowest water potentials ever
measured (Oechel 1988; Davis et al. 2002; Jacobsen et al. 2007a, b).
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Fig. 7.1 A typical chaparral shrubland in the winter months in the western Santa Monica
Mountains with bright green redshank (Adenostoma sparsifolium) and white flowering big-pod
ceanothus (Ceanothus megarcarpus) in the foreground and background (panel a). (b) A photo-
graph taken March 2014 of a chaparral shrubland in the Cold Creek of the Santa Monica Mountains
suffering under extreme drought stress during the current multiyear drought gripping California.
The plants in the photo are mostly evergreens so the lack of green and nongreen colors indicates
shrubs that have dieback or that are dead. The green plant in the foreground is on the side of the
road and receives extra runoff water and the oaks in the middleground are trees with access to
stream water. Photos taken by R. Brandon Pratt
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Beyond the summer rainless period, there is wide natural variability in annual
rainfall from year to year and decade to decade. These extreme events place consid-
erable stress on shrubs beyond an average year (Jacobsen et al. 2007a, b) and it is
not uncommon to observe dieback and mortality of adult shrubs during these
droughts (Fig. 7.1b) (Horton and Kraebel 1955). This readily observable stress
leads to clear and frequent selection for traits related to drought (Davis et al. 2002;
Pratt et al. 2014). Moreover, when droughts happen, they create opportunities for
natural experiments to study mechanisms of drought response and survival (Parsons
et al. 1981; Davis et al. 2002; Paddock et al. 2013; Pratt et al. 2014), which has also
been the case in other Mediterranean-type ecosystems (Pefiuelas et al. 2001;
Vilagrosa et al. 2003; Lloret et al. 2004).

Field and Davis (1989) describe the “chaparral era” of physiological ecology
studies as one typified by integration. One important theme of these studies has been
cross-ecosystem comparisons of convergent evolution between chaparral and the
four other regions of the world that have a Mediterranean-type climate: the cape
region of South Africa, central Chile, Southwest Australia, and the Mediterranean
basin (Mooney and Dunn 1970; Jacobsen et al. 2009). A related approach has been
to compare chaparral communities to other non-Mediterranean-type shrub commu-
nities to examine which traits are unique to Mediterranean-type species (Bhaskar
et al. 2007; Jacobsen et al. 2007a, b). Other studies have sought to integrate func-
tional traits over different spatial and temporal scales (Miller and Poole 1979; Miller
1981; Davis and Mooney 1985; Cornwell and Ackerly 2009). These studies have
included analyses over evolutionary timescales that have examined the evolutionary
impact of the onset of the Mediterranean-type climate as well as the role of ecologi-
cal sorting processes on functional traits of extant species (Ackerly 2004a, 2009).

1.2 Implications of Mediterranean-Type Climate
Jor Vascular Function

In the context of vascular function, being evergreen means that chaparral shrubs
have to maintain hydraulic supply to leaves during the dry season and during
drought. This has been a key selective force for xylem resistance to cavitation and
some chaparral shrubs are among the most cavitation resistant woody species
known (Jacobsen et al. 2007a, b). Co-occurring chaparral shrub species can have
rooting depths ranging from shallow to deep leading to a range of functional types
arrayed along a drought avoidance to tolerance continuum (Hellmers et al. 1955;
Thomas and Davis 1989; Ackerly 2004a, b; Parker et al. in press). Minimum sea-
sonal water potential experienced by a species is strongly correlated to resistance of
xylem to cavitation (Fig. 7.2). This suggests that xylem cavitation is a key trait that
is linked to the level of water deficit experienced by adult shrubs. It has also been
shown that seedling mortality during drought is correlated to cavitation resistance,
which is another indication that cavitation resistance is an important drought toler-
ance trait (Fig. 7.3). Xylem refilling is unlikely to be important for chaparral shrubs
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Fig. 7.2 The relationship between the minimum water potential experienced during the dry sea-
son and the resistance of branches to xylem cavitation (P50). Cavitation resistance was measured
as the point where 50 % of hydraulic conductivity has been lost (P50) relative to the maximum
conductivity with emboli removed by a flushing treatment. Data are means of both cavitation resis-
tance and water potential measured at predawn (Jacobsen et al. 2007a, b; Pratt et al. 2007a, b)
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Fig. 7.3 Mortality of anisohydric-type seedlings during drought plotted against cavitation resis-
tance of stems (P90). Figure modified from Pratt et al. (2008)
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during the dry season because most shrubs will be beyond the water potential where
refilling can occur (Hacke and Sperry 2003); moreover, the protracted rainless sea-
son means that plants will stay predictably dry until the fall and winter months when
rains come, thus refilling would be futile.

Freeze/thaw stress has also been found to be an important force affecting chapar-
ral shrub physiology and distributions (Ewers et al. 2003; Davis et al. 2005, 2007,
Pratt et al. 2005). When the sap in the xylem freezes, air bubbles come out of solu-
tion and can expand upon thawing leading to gas-filled or embolized vessels.
Species that have larger vessel diameters are more vulnerable to freeze/thaw-
induced cavitation (Davis et al. 1999a, b). Freeze/thaw stress can also interact with
drought. If the fall/winter rains do not occur before December (often the month with
the lowest annual temperature) then the vascular system will be exposed to freeze/
thaw stress when the xylem is under significant tension, which has been shown to
lead to even greater levels of embolism than freezing in a hydrated state (Langan
et al. 1997; Davis et al. 2005, 2007; Pittermann and Sperry 2006). Freeze/thaw
stress at colder sites has been a factor limiting the maximum vessel diameter of a
species (Ewers et al. 2003), and may have affected xylem structure in other ways
such as patterns of vessel grouping (Carlquist 1984), and the presence and abun-
dance of tracheids.

1.3 Integrative Studies of Xylem Traits

There are many scales over which xylem has been studied in chaparral and an
exhaustive review of all of them is beyond the scope of this chapter. Some of these
studies have been aimed at furthering our understanding of plant vascular function,
while others have used xylem traits to test hypotheses about ecology and evolution
of chaparral shrubs. Of course these two study aims are not mutually exclusive and
many studies shed light on both.

One important theme has been the examination of xylem traits across multiple
life stages. The crown fire regime in chaparral means that plants are top-killed by
fire, which has a strong influence on community dynamics. Most species either
resprout or recruit seedlings from a dormant seed bank after fire, and some species
even do both (Keeley et al. 2012). The seedling stage, being small and shallowly
rooted, is often the one exposed to the most extreme levels of water deficits and is
one of the most vulnerable stages to mortality (Frazer and Davis 1988; Thomas and
Davis 1989; Williams et al. 1997; Pratt et al. 2005). Thus, the xylem traits of seed-
lings are under keen selection to survive the summer dry season and stiff competi-
tion for resources in their first year of life. Selection at the seedling stage may
determine many important xylem adaptations of a species and, without ontogenetic
plasticity or allometric shifts, the xylem traits we measure on adults may be more a
reflection of what happens at the seedling stage than conditions experienced at the
adult stage (Pratt et al. 2007a, b, 2008).
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In addition to seedlings, recent studies have suggested that xylem resistance to
cavitation is important for drought survival of postfire resprouting chaparral species
(Utsumi et al. 2010; Pratt et al. 2014). Interestingly, resprouts generally have
reduced resistance to cavitation compared to unburned adult plants (Ramirez et al.
2012), and the anatomical/mechanistic reasons for this are currently under study
(Anna Jacobsen, unpublished manuscript). The different ways that species cope
with fire (resprouting vs. seedling recruitment) shift their allocation of resources
and lead to trade-offs with implications for their physiological adaptations, includ-
ing vascular traits (Pratt et al. 2007a, b, 2012a, b). Studies across different life stages
will continue to be an important area of research and will help shed light on xylem
plasticity across these stages, as well as how selection operates across the whole life
cycle (Poorter 2007).

Another area of integration are studies examining xylem traits across multiple
organs. This has been done many times comparing branches and roots (Davis et al.
2002; Pratt et al. 2007a, b, 2008); some have compared leaves and stems (Méndez-
Alonzo, unpublished manuscript; Pratt, unpublished manuscript); and others have
examined leaves, shoots, branches, fine roots, and root systems (Pratt et al. 2010).
An important result from these studies is that roots are typically more vulnerable to
cavitation than stems; however, because roots have much greater maximum conduc-
tivity than stems even when they are highly embolized they can still achieve similar
conductivity to stems that are far less embolized (Pratt et al. 2008). Selection oper-
ates on intact functioning individuals so studies of the vascular system as an inte-
grated unit are ultimately important to understand vascular adaptations.

Few studies have sought to examine xylem traits across space and time (Anderegg
and Meinzer 2015). It has been shown that xylem cavitation resistance can shift over
the course of a season (Jacobsen et al. 2007a, b). This shift is not one-directional
and some species shift to being more vulnerable, but more commonly species shift
to being more resistant during the dry season (Jacobsen et al. 2007a, 2014).
Examination of cavitation resistance across moisture gradients has found that chap-
arral at drier sites has greater resistance to cavitation than those at moister sites
(Davis et al. 1999a), whereas for some taxa, e.g., Arctostaphylos spp., there seems
to be very little change (Vasey et al. 2012; Jacobsen and Pratt 2013).

Studies of trade-offs in xylem function has been an active area of chaparral
research. One of the earliest of these studies to examine a trade-off other than
between safety and efficiency was the relationship between transport efficiency and
mechanical strength (Wagner et al. 1998). Since then, many important studies have
expanded the study of mechanical strength and transport traits (Hacke et al. 2001;
Jacobsen et al. 2005). Greater mechanical strength of chaparral xylem is generally
associated with greater cavitation resistance (Jacobsen et al. 2007a, b). Water storage
(capacitance) and carbohydrate storage are also negatively correlated with cavitation
resistance (Pratt et al. 2007a, b; Anderegg and Meinzer 2015). The trade-off between
xylem safety from cavitation and efficiency in transport is an influential model and
forms the basis for new analyses in the following sections of this chapter.

A final area of study has been to compare the xylem of chaparral to the xylem of
other woody communities in California and to the fynbos in South Africa. The goals
of these studies have been to identify traits unique to the chaparral, which would
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indicate that they are important in the context of the stressful Mediterranean-type
climate (Carlquist and Hoekman 1985; Carlquist 1989; Hacke et al. 2009). Other
studies have addressed the question of convergent evolution of vascular traits to
assess if chaparral are more similar to species inhabiting Mediterranean-type cli-
mate regions on other continents than species inhabiting regions with non-
Mediterranean-type climates (Jacobsen et al. 2009; Pratt et al. 2007a, b). If a trait is
found to be convergent in similar environments when compared across distantly
related taxa that are separated by large geographical expanses, then this is among the
strongest demonstrations that a trait is adaptive in the context of that environment.
Key xylem traits such as cavitation resistance, xylem efficiency, and xylem density
are convergent among South African and Californian Mediterranean-type shrub-
lands when compared to other semiarid and arid shrublands (Jacobsen et al. 2009).

The remainder of this chapter will integrate long-standing ideas gleaned from
comparative xylem studies regarding the importance of various xylem traits for con-
tributing to xylem safety of chaparral shrubs with current models of xylem safety
and efficiency.

2 Ecological Xylem Anatomy of Chaparral

Chaparral species were a key part of a seminal ecological xylem anatomy study by
Sherwin Carlquist and David Hoekman (Carlquist and Hoekman 1985). This study,
and other related ones (Carlquist 1989; Rosell et al. 2007), demonstrated many
important trends regarding xylem anatomical traits linked to xylem safety. Many of
these discoveries are only recently being fully appreciated among physiologists for
their insight and importance for xylem function generally (Lens et al. 2011). At the
time Carlquist conducted many of his studies of chaparral xylem there was not a
database of xylem safety and efficiency measures that could be used to test some of
his ideas. This is no longer the case and there is an extensive database of these traits
for chaparral shrubs (Jacobsen et al. 2007a, b; Pratt et al. 2007a, b; Hacke et al.
2009). In the following sections, and in the spirit of the “integrative era” of chaparral
studies, we review some of Carlquist’s findings and, where possible, integrate these
data with published and unpublished data on xylem safety and efficiency to indepen-
dently and directly test some of Carlquist’s hypotheses about chaparral xylem safety.

There are many xylem anatomical features of chaparral shrub xylem that reflect
the water stress regime that these angiosperms experience. One feature is the pres-
ence of tracheids and their role in safe transport of water. Carlquist and Hoekman
(1985) distinguish between three types of tracheids: true tracheids, vascular tra-
cheids, and vasicentric tracheids. True tracheids are ancestral and along with paren-
chyma make up the background tissue of the xylem. Vascular and vasicentric
tracheids are found among species in lineages that lost tracheids through the evolu-
tion of fiber-tracheids and libriform fibers. Thus, in these species tracheids were
reevolved and represent a derived character. Vascular tracheids are located at the
end of a growth ring and are hypothesized to be a safe transport pathway to keep the
cambium hydrated, especially in drought-deciduous species. Being evergreen, these
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Fig. 7.4 (a) Scanning electron micrograph of xylem of big-pod ceanothus (Ceanothus megacar-
pus). Of note is the imperforate vasicentric tracheid (v) that shares a wall with the vessel element
(ve) left of center, and this wall has numerous large circular bordered pits indicating the role of
transporting water for the tracheids (arrow). Scale bar is 20 pm. Micrograph taken by Anna
L. Jacobsen. (b) A light micrograph (x400 magnification) showing the abundant vasicentric (v)
tracheids that surround the large vessels in scrub oak (Quercus berberidifolia). Also seen are libri-
form fibers (f) and large pits between vasicentric tracheids and vessels (arrows). The scale bar is
about 42 pm. Micrograph was taken by Marta Percolla

tracheids are not common among chaparral shrubs and will not be emphasized in
this review (Carlquist 1989). Vasicentric tracheids are located around vessels and
these are hypothesized to aid in transport safety for many chaparral shrubs (Fig. 7.4a, b).
These tracheids are hypothesized to form a water filled sheath around vessels that
minimize air-filled compartments from which air might seed. The different tracheid
types are generally mutually exclusive and the presence of true tracheids precludes
the presence of vasicentric or vascular tracheids (Carlquist 1989).

To determine the importance of these tracheids, Carlquist compared the preva-
lence of the different types of imperforate tracheary elements among chaparral spe-
cies to the prevalence in other California plant communities (Carlquist 1989).
Among chaparral species, 43.9 % have vasicentric tracheids and among species that
lacked true tracheids and vascular tracheids (i.e., those species that could potentially
have vasicentric tracheids), 75 % had vasicentric tracheids. By contrast, compared
to a sample of species taken across a range of environments from within California,
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Fig. 7.5 (a)Light micrograph showing grouped vessels surrounded by vasicentric tracheids in cup
leaf ceanothus (Ceanothus greggi var. vestitus) and (b) the generally solitary and nongrouped ves-
sels generally surrounded by true tracheids of toyon (Heteromeles arbutifolia). Both images are
%100 and the scale bars are 100 pm. Micrographs taken by Brandon Pratt

these same numbers are lower at 33.3 % and 52.3 %, respectively. Among riparian
species, none have vasicentric or vascular tracheids (Carlquist 1989).

The importance of vasicentric tracheids is that they maintain connections between
vessels that are separated by an embolized vessel. This maintains the vessel network
under times of drought. Tracheids have narrow diameters and are not able to transport
water as efficiently as vessels, but during the dry season water use is greatly restricted,
so the inefficient tracheids may be sufficient to supply transpiration. Similar to vasi-
centric tracheids, the presence of true tracheids is hypothesized to maintain the vessel
network, which precludes a need for vasicentric and vascular tracheids.

Tracheid presence has been hypothesized to affect vessel grouping among chap-
arral species and species more generally (Carlquist 1989, 2009; Rosell et al. 2007).
The presence of nonconductive imperforate tracheary elements (fiber-tracheids and
libriform fibers) in the background xylem tissue is associated with greater group-
ings of vessels (Fig. 7.5). On the other hand, the presence of abundant true tracheids
in the background tissue may minimize vessel grouping (Fig. 7.5) (Rosell et al.
2007). The reasons for these patterns were studied by Carlquist (1984) who
hypothesized that the benefit of vessel groups is to increase connections among
conduits because if one vessel embolizes then it is connected to other vessels in the
network. In other words, in species lacking the network connections afforded by
true tracheids, vessel groups lead to a safer vascular system in the context of cavita-
tion. Angiosperm tracheids of any type may be safer than vessels because they are
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more abundant and they may be more resistant to cavitation (Hargrave et al. 1994).
Species with vasicentric tracheids that only have tracheids around their vessels have
to form vessel groups to take advantage of the connections offered by the tracheids
(Fig. 7.5), but they show wide variation in this trait (Rosell et al. 2007), which may
be related to the abundance of vasicentric tracheids they have.

2.1 Imperforate Tracheary Element Type and Safety:
A Test of Carlquist’s Hypothesis

When examined using published data, and consistent with Carlquist’s hypotheses,
chaparral species that had libriform fibers were least resistant to cavitation
(Fig. 7.6a). The next least resistant group were those species with vascular tracheids,
which were all drought-deciduous species. Deciduous chaparral shrubs are gener-
ally more vulnerable to cavitation than evergreens (Parker et al. in press), thus tra-
cheid type and leaf habit are confounded for this group; moreover, this analysis is
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limited by sample size (data are available for only four species containing vascular
tracheids) (Fig. 7.6a). Species with true tracheids had relatively safe xylem com-
pared to the other groups (Fig. 7.6a). Species with vasicentric tracheids had the most
resistant xylem; although, they were also the most variable group indicating that the
presence of vasicentric tracheids does not necessarily lead to high levels of safety
(Fig. 7.6a). A trade-off between safety and efficiency may explain why species with
vasicentric tracheids do not uniformly have highly safe xylem.

These data are broadly supportive of Carlquist’s hypotheses about the importance
of tracheids in conferring xylem safety to drought. A key challenge remains to under-
stand the mechanism of how tracheids contribute to xylem safety during drought
(Hargrave et al. 1994). The tracheids may lead to greater safety because there are so
many of them that they create redundancy (Ewers et al. 2007) or the pit and pit mem-
brane characteristics of these tracheids may be modified for safety (Jansen et al.
2009; Plavcovd et al. 2013). The small diameter of tracheids precludes rapid uptake
of dye tracers and they are not generally resolvable with en planta imaging tech-
niques, thus significant challenges remain in the study of these tracheids.

2.2 Trade-off Between Safety and Efficiency:
The Role of Tracheids

Xylem safety generally comes at a cost of xylem efficiency and this may also relate
to imperforate tracheary element type. The species that had true and vasicentric
tracheids had the least efficient xylem compared to species with libriform fibers and
vascular tracheids. These patterns point to a trade-off between safety and efficiency
that may be linked to tracheid type (Figs. 7.6b and 7.7). It is possible that the trade-
off between safety and efficiency is related to having tracheids with narrow lumens
that are not efficient (Tyree and Ewers 1991) and this limits the maximum efficiency
for species with tracheids. Alternatively, species with tracheids may be those that
inhabit the driest sites and thus have reduced efficiency for evolutionary/ecological
reasons, not simply because they have tracheids.

The rare pit hypothesis (a.k.a the pit area hypothesis) is currently an important
framework for understanding the trade-off between xylem safety and efficiency
(Hargrave et al. 1994; Wheeler et al. 2005; Christman et al. 2009). According to this
hypothesis, species that have greater pit area or pit numbers for a vessel have a
greater chance of having a large pore in a pit membrane that is vulnerable to
cavitation by air-seeding (Lens et al. 2011). The pit area hypothesis has been exam-
ined in southern California shrubs (Hacke et al. 2009), but chaparral shrubs have not
been separately analyzed. A plot of pit area/vessel area against cavitation resistance
appears to show a strong relationship between these two traits that is consistent with
the rare pit hypothesis; however, there is one extreme outlier that defies the overall
trend (Fig. 7.8).

The outlier in this analysis, Quercus beberidifolia, has low pit area and low resis-
tance to cavitation. This combination of traits should lead to high safety and low
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Fig. 7.7 Cavitation resistance (P50) plotted against xylem efficiency (K, illustrating a trade-off
between safety and efficiency for species with different imperforate tracheary element types: true
tracheids (TT), vasicentric tracheids (Vasi), vascular tracheids (Vasc), and libriform fibers (F)
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Fig. 7.8 The relationship between cavitation resistance (P50) and intervessel pit area/vessel area.
The outlier in the upper left part of the figure is Q. berberidifolia
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efficiency, but just the opposite is observed and this species has relatively high
efficiency and low safety. The main xylem structural feature that leads to this spe-
cies having low pit area is that it has many solitary vessels and thus a low proportion
of vessel wall area in contact with adjacent vessels (Fig. 7.4b). Solitary vessels are
common to Quercus spp. (Wheeler and Thomas 1981; Carlquist 1984). This anat-
omy is made possible because of abundant vasicentric tracheids (Fig. 7.4b).
Interestingly, Q. berberidifolia has relatively high K; compared to other chaparral
species (only 7 species have higher values out of 47 species in the database). Thus,
these tracheids can apparently achieve high levels of transport efficiency, and one
reason they can do so is because they are highly abundant (Carlquist and Hoekman
1985; Rosell et al. 2007). It is also possible that they have modified pit and pit mem-
brane traits such as membrane thickness, pit pore aperture, or pit membrane area
that contribute to their efficiency (Hacke and Jansen 2009; Jansen et al. 2009; Lens
et al. 2011). Quercus crispula was documented to have large pores in the pit mem-
branes of its vasicentric tracheids, which could increase efficiency and decrease
safety (Sano and Jansen 2006). Whatever modifications have been made they have
compromised safety, as these oaks are vulnerable to water stress-induced cavitation
when compared to other chaparral species (Jacobsen et al. 2007a, b; Tobin et al.
2013). These considerations highlight an unappreciated role that anatomical con-
straints may play in the trade-off between safety and efficiency and offer an expla-
nation of why oak species may be generally vulnerable to cavitation (Tobin et al.
2013; Martin-StPaul et al. 2014). It would be valuable in future studies to examine
pit area between vessels and tracheids on Quercus spp. in the context of the rare pit
hypothesis, and such an analysis should lead to Q. berberidifolia falling farther to
the right on the x-axis in Fig. 7.8.

The narrow diameters of the tracheids should render them resistant to freeze/thaw
stress (Davis et al. 1999a, b; Pittermann and Sperry 2003). This suite of xylem ana-
tomical traits may be linked to the evolutionary history of oak species. These species
have an arcto-tertiary biogeographical origin whereby they colonized the warmer
and milder regions of California from more northern regions (Axelrod 1983; Manos
and Stanford 2001). Tracheids are an asset for safety in areas of freeze/thaw stress
(Chap. 3), which would have been common in the regions occupied by ancestral
Quercus spp., and also characterizes many of the habitats that oaks presently occupy.

2.3 Integrating Vessel Grouping with Current Models
of Vessel Connectivity

The connections between vessels as part of the xylem network have been the topic
of recent studies (Schenk et al. 2008; Martinez-Vilalta et al. 2012). Vessel connec-
tivity (defined here as the number of unique vessels a vessel shares a wall with) has
been hypothesized to be associated with safety and efficiency, with greater connec-
tivity being associated with greater efficiency (xylem specific conductivity) and
lower safety (Loepfe et al. 2007). This is hypothesized to be the case because greater
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connectivity increases the pathways for air to spread among vessels once one
becomes embolized. It also creates more pathways for water to move radially, thus
increasing overall efficiency. Carlquist’s ideas of vessel grouping are partially at
odds with the connectivity hypothesis of Loepfe et al. (2007). He suggested that
greater vessel grouping is associated with greater safety because if one vessel embo-
lized then connections to other vessels can maintain continuity of the pathway
(Carlquist 1984). However, the type of imperforate tracheary elements present are
important in Carlquist’s conception of the hypothesis, and vessel grouping only
becomes important for safety in species with libriform fibers or vasicentric tra-
cheids in the background tissue. It is important to note that species with vascicentric
tracheids surrounding vessels may tend to form vessel groups, but they could still
have low connectivity with respect to vessel-to-vessel connections (e.g., Ceanothus
greggi var. vestitus Fig. 7.5). If tracheids are safer, i.e., more cavitation resistant
(this will certainly be the case for freeze/thaw stress), then vessels that are grouped
could be safe if they have abundant vessel-to-tracheid connectivity, but not vessel-
to-vessel connectivity (Carlquist 2001).

Vessel connectivity was examined in the context of imperforate tracheary ele-
ment type. As expected, connectivity was greatest in species with nonconductive
fibers and vascular tracheids in the background tissue (Fig. 7.9). Species with true

20 n=8 n=8 n=4 n=22
A
€ 15 -
=
o]
L
o A
'S 1.0 -
13]
0]
£ B
O i
3 0.5 B
0.0 1 ;
Fibers True Vascular Vasicentric

Tracheid Type
Imperforate Tracheary Element Type

Fig. 7.9 Box plots plotted for connectivity (the number of unique vessels a vessel shares a wall
with) plotted for species that differ in the background imperforate tracheary element type (Percolla
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tracheids and vasicentric tracheids were not significantly different. These results
suggest that estimates of connectivity are linked to the type of imperforate tracheary
element in the background tissue of xylem and the presence of true or vasicentric
tracheids limits connectivity. We did not have enough data on vessel grouping to do
a robust analysis of the relationship between vessel grouping and connectivity, but
preliminarily the association is not significant. This is not surprising because spe-
cies with vasicentric tracheids can have high numbers of vessels per group and have
low levels of connectivity. Mean connectivity for the different imperforate trache-
ary element groups was strongly and positively correlated to xylem efficiency
(compare Fig. 7.6b and 7.9; r=0.917, P=0.083), which supports the hypothesis of
Loepfe et al. (2007).

A recent study examined the relationship between connectivity and cavitation
resistance in Acer spp. (Lens et al. 2011). Acer wood lacks conductive tracheids,
thus greater vessel-to-vessel connectivity should confer safety according to
Carlquist’s hypothesis and should be more vulnerable according to Loepfe et al.
(2007). Lens et al. (2011) found support for Carlquist’s hypothesis and more con-
nectivity was associated with greater cavitation resistance.

3 Conclusions

The xylem of chaparral species will continue to be a model system for ecological
xylem anatomy. A fertile area of research will be the continued effort to integrate
concepts developed from ecological xylem anatomy studies with current models of
xylem function (Lens et al. 2011). For example, it is clear from consideration of Q.
berberidifolia that tracheids, especially vasicentric ones, are going to have to be
integrated into analyses examining pit area and pit numbers in the context of a
trade-off between safety and efficiency (Hacke et al. 2009). Moreover, to fully
understand the role of vessel connectivity, much more will need to be learned
about tracheids and their role in connectivity and sectoriality (Schenk et al. 2008;
Martinez-Vilalta et al. 2012). Other areas that are interesting fronts for further
work are the helical thickenings on the inside of vessel elements that are associated
with xylem safety (Carlquist 1989; Lens et al. 2011). The mechanistic importance
of this trait remains unknown. The pit characteristics of chaparral shrubs have not
been extensively studied and will likely yield valuable information regarding
drought tolerance traits (Jarbeau et al. 1995). Trade-offs in xylem function, be they
safety vs. efficiency, safety and biomechanics, or trade-offs with storage continue
to be a fruitful area of research (Jacobsen et al. 2005; Pratt et al. 2007a, b; Anderegg
and Meinzer 2015).
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Chapter 8

The Role of Xylem Parenchyma

in the Storage and Utilization of Nonstructural
Carbohydrates

Lenka Plavcova and Steven Jansen

1 The Structure, Abundance, and Function of Ray
and Axial Parenchyma in Wood

1.1 The Structure of Ray and Axial Parenchyma in Wood

The fact that most of the cells present in mature wood are dead is often highlighted.
Indeed, all xylem conduits (vessels and tracheids) found in the functional sapwood
undergo cell autolysis, forming hollow tubes made of lignified secondary cell wall.
However, cells with a protoplasm are also present in secondary xylem. These cells
are referred to as wood parenchyma because their cell wall is often much thinner
than that of fibers. Depending on their arrangement and orientation with respect to
the main stem axis, parenchyma cells can be divided into two distinct types—radial
(ray) and axial parenchyma.

Ray parenchyma consists of ribbon-like aggregates of cells that are produced by
ray initials, extending radially from the cambial zone in the xylem and phloem.
Xylem rays can be classified depending on their width as uniseriate (Fig. 8.1a—d),
biseriate (Fig. 8.1e), and multiseriate, referring to rays that are one-, two-, or more
cells wide. Rays can also be subdivided according to the dimensions of individual
cells viewed in a radial section. While most of the ray parenchyma cells have their
longest axis oriented radially (procumbent cells), vertically elongated (upright) or
isodiametric (square) cells also occur. Rays comprised exclusively of procumbent
cells are called homocellular, while rays made of more than one parenchyma cell
type are termed heterocellular (Carlquist 2001; Evert 2006). The entire ray system
can consist of a single ray type, but a combination of different ray types commonly
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Fig. 8.1 Diversity in ray and axial parenchyma patterns as viewed in transverse wood sections
stained with safranin and alcian blue. Thick lignified secondary cell walls of fibers and vessels
stain pink, while protoplasts and less extensively lignified cell walls of parenchyma cells
appear blue. All images were taken at the same magnification; a scale bar is shown in (f). (a) A
conifer species (Picea abies) showing the lowest proportion of parenchyma; rays are uniseri-
ate, axial parenchyma is absent, (b) a temperate, diffuse-porous tree (Acer pseudoplatanus)
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occurs. In addition to the ray types described above, other specialized ray systems
such as aggregated and interconnected rays have been identified. Interestingly, a
temporal or permanent absence of rays occurs in the wood of several species
(Barghoorn 1941; Carlquist 1970). Nevertheless, the complete absence of rays is a
rarity restricted to small plants, in which woodiness is not pronounced and has
evolved secondarily (Carlquist 1970).

Axial parenchyma is produced by fusiform cambial initials that undergo trans-
verse divisions, resulting in a parenchyma strand or axial series of two or more
parenchyma cells. In some species, axial parenchyma is absent or sparse. This con-
dition is characteristic of conifers (Fig. 8.1a); however, it can be found in many
angiosperms as well. For instance, sparse axial parenchyma occurs in Populus,
Aesculus, Berberis, Magnolia, and Eucalyptus, to name a few examples. If present,
axial parenchyma can be arranged in different patterns as distinguished in trans-
verse sections (Carlquist 2001; Kribs 1937). Traditionally, axial parenchyma is clas-
sified as apotracheal if it appears distributed without a direct connection to vessels
(Fig. 8.1d), and paratracheal if it is strongly associated with xylem vessels (Fig. 8.1b,
c¢). These two basic categories can be further subdivided. For instance, parenchyma
cells can be randomly scattered within the vessels and fibers (diffuse apotracheal
parenchyma), be in contact with vessels but not ensheathing them completely
(scanty paratracheal parenchyma, Fig. 8.1b), form a complete sheath surrounding
vessels (vasicentric paratracheal parenchyma, Fig. 8.1c), or be arranged in distinct
tangential bands (banded parenchyma, Fig. 8.1d, e). In addition, an increased occur-
rence of parenchyma cells at the tree ring boundary is often found in temperate
species and referred to as marginal parenchyma (Fig. 8.1b). Last but not least, wood
of some trees such as Adansonia (Chapotin et al. 2006) or Ceiba (Fig. 8.1f) is
extremely parenchymatous, with axial parenchyma comprising most of the matrix
between vessels and rays. The categorization outline above is useful, but to a certain
extent arbitrary. Thus, intermediary patterns and co-occurrence of more than one
type of axial parenchyma are frequently observed. Besides thin-walled parenchyma
cells, some thick-walled axially oriented cells, which could be hence termed fibers,
also retain living protoplasts (Fahn and Leshem 1963). Axial cells that can be clas-
sified as living fibers rather than parenchyma occur, for instance, in Acer (Fig. 8.1b),

<
<

Fig. 8.1 (continued) and biseriate rays, axial cells that can be, due to their thick secondary cell
wall, classified as living fibers are in a scanty paratracheal and marginal arrangement (arrows),
(c) a tropical dry-deciduous tree (Terminalia catappa) with uniseriate rays and paratracheal vasi-
centric parenchyma, (d) a ring-porous temperate species (Quercus robur) with apotracheal axial
parenchyma arranged in narrow bands and scanty paratracheal parenchyma contacting the vessels,
rays are uniseriate (but multiseriate, up to 30-cells wide rays are common in older stems of this
species), (e) a tropical evergreen tree (Ficus rubiginosa) with uniseriate and biseriate rays and
axial parenchyma arranged in wide bands, (f) a tropical dry-deciduous tree (Ceiba aesculifolia)
showing highly parenchymatous wood composed of multiseriate rays and thin-walled axial paren-
chyma cells. (g) The relative proportion of ray and axial parenchyma cells measured using trans-
verse sections for all six species shown above
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Robinia pseudoacacia (Yamada et al. 2011), or Cactaceae (Mauseth and Plemons-
Rodriguez 1997), although the distinction between these two cell types has often
been neglected. When these cell types are distinguished, it has been hypothesized
that living fibers substitute for, or complement, the function of axial parenchyma
cells (Carlquist 2001; Yamada et al. 2011; Wheeler et al. 2007).

1.2 How Much Ray and Axial Parenchyma Occurs in Wood?

Ray and axial parenchyma cells make up a substantial proportion of all wood cells
(Fig. 8.1g). The volumetric content is hard to measure directly; however, the
proportion of parenchyma cells can be estimated from the area measurements taken
on a transversal or tangential section. In gymnosperms, the total parenchyma pro-
portions are commonly between 5 and 10 % and compose mainly of radial paren-
chyma (Fig. 8.1a). In angiosperms, the total amount or parenchyma ranges typically
between 20 and 40 % (Fig. 8.1b—d); however, values between 40 and 60 % are not
uncommon among tropical angiosperms (Fig. 8.1e). The proportion of ray paren-
chyma is typically around 10-20 %, while the axial parenchyma proportions
between 1 and 30 % are common in angiosperms. The aforementioned numbers
represent values typically encountered in wood (Fig. 8.1g) (Von Frey-Wyssling and
Aeberli 1942; Wagenfiihr 2007; Ruelle et al. 2006; Zieminska et al. 2013); however,
more extreme values also occur. For example, very low ray proportions of around
7 % were reported for two Acacia species (Zieminska et al. 2013), while very high
axial parenchyma proportions of 67 % were measured in Ceiba aesculifolia
(Fig. 8.1f) and several species of the genus Adenia (Hearn 2009).

1.3 The Function of Ray and Axial Parenchyma in the Storage
of Nonstructural Carbohydrates

The function of wood parenchyma in storage is often highlighted and put in contrast
with the main role of vessels in facilitating water conduction and the role of fibers
in providing the mechanical support. Nonstructural carbohydrates (NSC) represent
the most abundant reserves stored in wood parenchyma. The importance of NSC
storage for tree growth and functioning has been known for many decades
(Kozlowski 1992; Kramer and Kozlowski 1979). Recently, this topic has received
renewed attention because the size and the dynamics of the NSC pool might represent
factors potentially limiting tree growth (Palacio et al. 2014) and affecting tree survival
under drought stress (McDowell et al. 2008).

The total volume of ray and axial parenchyma can be viewed as a finite compart-
ment potentially available for storage. Given the large volume of woody trunks, the
size of this storage pool is substantial from the whole plant perspective. For instance,
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Wiirth et al. (2005) calculated that the carbon stored in the above ground woody
biomass accounts for 80 % of the total carbon pool present in a seasonally dry
tropical forest and that this amount would be sufficient to completely regrow the
entire canopy. However, the storage capacity provided by wood parenchyma is not
always completely filled up. Instead, the NSC levels fluctuate, reflecting the dynamic
balance between carbohydrate production and utilization.

Besides the total amount of NSCs, their partitioning into starch and soluble sugar
fraction is of importance. Out of these two components, starch can be considered as
the primary long-term storage form of NSCs. Its molecules are large and cannot
move freely between cells; however, they can be readily hydrolyzed to produce
soluble sugars. Soluble sugars constitute a plethora of mono- and oligosaccharides
that are mobile and fulfill more active physiological roles.

As ray and axial parenchyma are the main sites of NSC accumulation in wood,
the NSC status of these cells should be directly mirrored in the NSC content and
composition measured in the bulk sapwood. The sapwood NSCs have been ana-
lyzed in a number of ecological studies (Hoch et al. 2003; Sauter and Wellenkamp
1998; Ashworth et al. 1993; Palacio et al. 2007; Carbone et al. 2013), providing
insights into the size and dynamics of the wood parenchyma carbohydrate pool. In
the following sections, we will review the NSC accumulation patterns observed in
different tree species and different woody organs and discuss changes in NSC con-
centration and composition that occur throughout the growing season. These aspects
of sapwood NSC dynamics will be linked to the anatomy and physiology of ray and
axial parenchyma cells.

2 Patterns in NSC Accumulation Across Different Woody
Species, Organs, and Time

2.1 Variation in NSC Across Different Tree Species

As already mentioned, a positive relationship between the NSC content and the
proportion of ray and axial parenchyma in wood can be expected. To the best of our
knowledge, this assumption has not been confirmed empirically, except for the
notion that conifer wood tends to have lower NSC concentrations than the wood of
angiosperms, which is in agreement with the lower proportion of parenchyma found
in conifer wood (Johnson et al. 2012). Considering the large differences in wood paren-
chyma content across angiosperms, as illustrated by the more than threefold varia-
tion shown by the five angiosperms in Fig.8.1a—g, it would be interesting to see if
the tendency for a higher NSC content with increasing volume of parenchyma holds
true also within this group. While the meta-analysis of published data can provide
useful insights (Johnson et al. 2012), the finer-scale patterns are likely to be con-
founded by the different sampling schemes employed by different authors and the
high variation in NSC concentration found across different woody organs and
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Fig. 8.2 Distribution of starch in wood parenchyma cells in the same species as shown in
Fig. 8.1. The wood samples of the temperate species Picea abies (a), Acer pseudoplatanus
(b), and Quercus robur (d) were collected at the Ulm University campus in October. In these spe-
cies, most of the wood parenchyma cells appear densely packed with starch grains. The samples
of the tropical plants Terminalia catappa (c¢), Ficus rubiginosa (e), and Ceiba aesculifolia
(f) were obtained from the living collections of the botanical garden of Ulm University in early
June. Despite growing under the same conditions of a tropical greenhouse, these species show
marked differences in starch deposition. While Terminalia accumulates large amounts of starch
in xylem parenchyma cells (c), the wood parenchyma in Ficus (e) and in particular in Ceiba (f)
show much lower starch content. Note the absence of starch in contact cells in Acer, Terminalia,
and Quercus (arrows)

seasons. In addition, the sapwood NSC content is usually expressed as a mass-based
concentration, and therefore depends on wood density, which varies substantially
between different species (Chave et al. 2009) and to some extent also within a single
tree (Domec and Gartner 2002; McCulloh et al. 2012). This problem could be
solved by expressing the NSC concentration on a wood volume rather than a wood
mass basis. Unfortunately, the studies looking at the sapwood NSC content do not
usually report wood density values to allow this conversion. Thus, additional
research is required to demonstrate conclusively whether the proportion of ray and
axial parenchyma is an important driver of the amount of NSC stored in wood.
Here, we will provide some initial hints on answering this question.

Using the same species as shown in Fig. 8.1a—g, we visualized the starch deposi-
tion by staining with Lugol’s solution (Fig. 8.2a—f). The iodine test revealed obvious
differences in starch accumulation in these species that differ greatly in the amount
of wood parenchyma. The parenchyma was packed with starch in all three temperate
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species sampled at the end of the growing season (Fig. 8.2a, b, d). In contrast, the
tropical plants showed varying patterns in starch accumulation, despite growing
under the same conditions in a tropical greenhouse (Fig. 8.2c, e, f). The starch abun-
dance was highest in Terminalia in which almost all parenchyma cells were filled
with starch grains (Fig. 8.2c). The amount of starch was much lower in Ficus
(Fig. 8.2e). In this species, the starch grains were sparse and almost absent in the
regions closer to the cambium. The lowest starch accumulation was observed in the
highly parenchymatous wood of Ceiba aesculifolia (Fig. 8.2f). Based on this simple
iodine test, we cannot say whether most of the NSC were present in the form of
soluble sugars in the wood of Ficus and Ceiba, or whether the total levels of NSC
were low in spite of the high parenchyma content found in these two species. More
than threefold differences in wood NSC concentration have recently been reported
in a study encompassing 17 tropical trees from 10 different families (Wiirth et al.
2005). It would be interesting to see if this variability is at least partially explained
by the amount of wood parenchyma. Marked differences in NSC concentration
were observed not only between species but also between different tree parts. Thus,
we will continue this review by comparing the patterns in NSC content found
between woody branches, trunks, and roots.

2.2 Variation in NSC Across Different Woody Organs

Most studies monitoring the NSC levels in more than one woody organ report val-
ues for the main trunk and small terminal branches. Three times higher NSC con-
centrations in branch wood than in trunk wood were observed in eleven temperate
trees (Hoch et al. 2003; Sala and Hoch 2009); however, such trend was much less
pronounced in a tropical environment (Wiirth et al. 2005; Newell et al. 2002). The
proportion of parenchyma does not differ greatly between branches and trunks
(Bhat et al. 1985; Koch 1985); therefore, any differences in NSC concentrations
between these two tissues are likely caused by physiological rather than anatomical
drivers. Alternatively, it is possible that the branch wood NSC values are overesti-
mated because of the inclusion of pith in the samples used for branch wood NSC
measurements. Besides affecting the total branch biomass, medullary (i.e., pith)
tissue is known to accumulate starch (Essiamah and Eschrich 1985). Both of these
phenomena could bias the NSC concentrations toward higher values.

Nevertheless, the branch wood NSC pool consistently appears to be more
dynamic than the trunk wood pool. This was manifested by a more dramatic sea-
sonal change (Wiirth et al. 2005; Hoch et al. 2003; Newell et al. 2002), a higher
proportion of the soluble sugar fraction (Sala and Hoch 2009), and a steeper increase
in NSC levels with increasing tree height (Sala and Hoch 2009; Woodruff and
Meinzer 2011) in branches as compared to trunks. The aforementioned differences
between branches and trunks are consistent with the more proximal position of
branches to the source of photoassimilates and developing buds and fruits that act as
strong carbon sinks. Therefore, it can be suggested that branch wood parenchyma
helps to buffer against a short-term imbalance between carbon supply and demand.
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In contrast, the trunk wood parenchyma might be more specialized for long-term
storage. This idea is supported by a recent study showing surprisingly long resi-
dence times of NSC extracted from the outermost 2 cm of sapwood in red maple and
eastern hemlock. Using radiocarbon dating, the mean age of sapwood NSC has been
estimated to be about a decade, although a substantial fraction of carbon seemed to
have much faster turnover (Richardson et al. 2013). This faster fraction likely rep-
resents carbohydrates used to support parenchyma metabolism and cambial growth
(Carbone et al. 2013; Hill et al. 1995).

In older trunks, the NSC concentration is known to decline radially with increas-
ing distance from the cambium (Wiirth et al. 2005; Hoch et al. 2003). This decline is
likely linked with parenchyma cell death and transition to heartwood. While low
values of NSC concentrations are typically reached at the depth of 15-20 cm in trunks
that showed a stem diameter of 30—100 cm, the radial patterns show interesting inter-
specific differences and variation with tree age (Wiirth et al. 2005; Hoch et al. 2003;
Barbaroux and Bréda 2002). More specifically, the decrease in NSC concentration
with increasing sapwood depth was particularly sharp in ring-porous oak, while dif-
fuse porous trees exhibited a more gradual decline (Hoch et al. 2003; Barbaroux and
Bréda 2002). The tropical tree, Luehea seemanii, exhibited remarkably constant NSC
content throughout the entire 12-cm-thick sapwood (Wiirth et al. 2005).

Besides above-ground xylem biomass, woody roots also accumulate large
amounts of NSC (Wiirth et al. 2005; Palacio et al. 2007; Loescher et al. 1990; Pate
et al. 1990). High NSC storage capacity of belowground woody tissue is in accor-
dance with a higher proportion of ray and axial parenchyma typically found in small
woody roots compared to branches (Lens et al. 2000; Pratt et al. 2007). However, in
coarser roots, the relative proportion of wood parenchyma might not be signifi-
cantly different from stems due to an increase in inter-ray distance with increasing
root diameter (Koch 1985; Wargo 1976).

The below-ground storage pool is particularly important when coping with dis-
turbances that destroy a substantial portion of the above-ground plant biomass. A
greater dependence on below-ground storage is characteristic for plants resprouting
after disturbance, as opposed to plants that regenerate from seeds. In agreement, a
higher proportion of wood parenchyma, paralleled by a greater amount of starch
reserves, have been observed in resprouters than seeders growing in fire-prone habi-
tats of Western Australia and South Africa (Pate et al. 1990; Verdaguer and Ojeda
2002). Interestingly, however, the overall starch tissue content was more strongly
driven by the starch packing density than the amount of parenchyma tissue (Pate
et al. 1990). Furthermore, not all the plants under study, including some of the
resprouters, accumulated starch in ray and axial parenchyma cells. While some spe-
cies accumulated starch only in their root cortex, other plants deposited starch in
both or only one of the wood parenchyma subsystems. Yet other species had starch
grains distributed in all three tissues. Unfortunately, it is not known if the same
patterns occurred consistently throughout the season and what the levels of soluble
sugars in the roots of these plants were.

Taken together, the comparison between species and woody organs suggests that
the amount of parenchyma is important for the overall capacity to store carbohydrates;
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however, the differences in starch accumulation patterns, possibly tied to the
concentration of soluble sugars, provide another layer of complexity.

2.3  Seasonal Variation in NSC

The NSC content and its partitioning between starch and soluble sugars is also
known to vary seasonally. The seasonal dynamics of wood NSC is most widely
studied in temperate winter-deciduous trees (Kozlowski 1992; Ashworth et al. 1993;
Sauter and van Cleve 1994), providing the following general picture. The total NSC
concentration usually peaks at the end of the growing season and declines through-
out winter, reaching its minimum during or shortly after bud break. Importantly,
starch is often almost completely hydrolyzed during winter months in response to
low temperatures, resulting in an increased concentration of soluble sugars
(Fig. 8.3a) (Sauter and Wellenkamp 1998; Schoonmaker 2013). At the end of win-
ter, the starch is transiently resynthesized, only to be hydrolyzed again shortly
before bud break (Essiamah and Eschrich 1985; Sauter and van Cleve 1994). Starch
and the total NSC levels then recover over the growing season. In contrast to decidu-
ous trees, the peak in NSC concentration commonly occurs before bud break and
remains low throughout the growing season in both temperate and boreal conifers
(Hoch et al. 2003; Schoonmaker 2013). The aforementioned patterns make intuitive
sense in terms of the typical progression of photosynthetic activity and growth and
likely hold true on a large scale. However, recent studies indicate that this view
might be an oversimplification and that various modifications of this general pattern
can be found across different woody tissues, species, sites, and seasons (Hoch et al.
2003; Richardson et al. 2013). For instance, Hoch et al. (2003) did not observe a
considerable reduction of NSC concentration during bud break in most of the angio-
sperm species studied. In some years, Richardson et al. (2013) even found higher
NSC concentrations in March than in November in maple and oak, suggesting that
a redistribution of NSC took place during the dormant season.

The patterns in carbohydrate concentration appear even more variable in a sea-
sonally dry tropical forest. In a study on four trees differing in their leaf phenology
(Newell et al. 2002), the branch wood of a truly drought-deciduous species (Cecropia
longipes) exhibited a fourfold higher NSC concentration during the dry season,
which was driven by a large increase in starch concentration (Fig. 8.3b). In contrast,
the brevi-deciduous trees such as Anacardium excelsum showed much smaller sea-
sonal variation in their NSC levels and a slight increase in soluble sugar fraction
during the dry season (Fig. 8.3c). The tendency for higher levels of NSC in branch
wood during the dry season was confirmed by a follow-up study encompassing 17
species (Wiirth et al. 2005). However, the seasonal effect was relatively weak in
comparison with a striking interspecific variability.

The seasonal changes in sapwood NSC reflect the balance between carbon supply
by photosynthesis and carbon utilization for various physiological needs such as
growth, reproduction, or stress mitigation. The structure of ray and axial parenchyma
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and their biochemical machinery likely have a great influence on the NSC dynamics
described above. The total parenchyma volume should be the parameter most
closely related to the seasonal maximum in NSC content, assuming that the storage
capacity of parenchyma cells is fully used during this period. In contrast, the dynam-
ics of NSC is driven by physiological activity of ray and axial parenchyma cells and
surrounding source and sink tissues (e.g., leaves, flushing buds, developing fruits,
the cambium). Furthermore, the spatial proximity and connectivity between wood
parenchyma and these sinks and sources is important for facilitating the NSC trans-
location within the plant body. While mechanisms underlying the buildup of NSC
stores remain poorly understood, several studies have focused on processes involved
in the mobilization and utilization of starch stored in wood parenchyma cells. The
underlying cellular processes will be discussed in the following section.

3 Metabolic Activity of Wood Parenchyma Underlying
the Dynamics of Sapwood NSC

3.1 Starch Mobilization and Metabolism of Soluble Sugars

The mobilization of starch reserves is initiated by the depolymerization of its
molecules (Fig. 8.4). In plants, starch breakdown can be catalyzed by various
enzymes such as amylases, glucosidases, and glucanohydrolases (Zeeman et al.
2010). To the best of our knowledge, only one study has looked at the starch hydro-
lyzing machinery acting in wood parenchyma (Witt et al. 1995). In this study,
numerous enzymes with a potential amylolytic activity have been investigated in the
ray parenchyma of Populus x canadensis and the main effect on starch degradation
has been attributed to a-amylase and it has been hypothesized that the high tempera-
ture sensitivity of this enzyme underlies the mid-winter starch degradation and its
resynthesis in early spring.

Simple sugars originating from starch hydrolysis are metabolized in a myriad of
ways. Typically, the sugar molecules need to be phosphorylated before they can
participate in further biochemical reactions. The phosphorylation of sugars is cata-
lyzed by phosphotransferases. One of these enzymes is a plant hexokinase catalyz-
ing the phosphorylation of hexoses, most importantly glucose. In addition,
hexokinase also plays a prominent role in sugar-mediated signaling (Jang et al.
1997). While we are not aware of any studies on hexokinase activity in wood
parenchyma, a gene encoding for this enzyme has recently been shown to exhibit a
xylem parenchyma-specific expression in leaf petioles of tobacco (Giese et al. 2005).

Phosphorylation of glucose is the first step of glycolysis that can be followed by
aerobic respiration. Respiration represents the key process through which the
chemical energy contained in nutrients is released and made available for fueling
the cellular metabolism. Respiration of wood parenchyma has been studied in a series
of interesting experiments (Spicer and Holbrook 2005, 2007a, b). The respiration
rates expressed per unit sapwood volume were between 0.4 and 1 pmol O,cm™ h™!
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membrane to the apoplast. The efflux of sugars to a conduit lumen is passive and driven by the
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sugars can also be retrieved from the conduit apoplast to the parenchyma symplast by active trans-
port via proton-sugar symporters (SUT, HEX). The electrochemical proton gradient required for
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and did not differ greatly between three angiosperm and two conifer species studied.
However, when expressed per living parenchyma volume, the two conifers showed
one order of magnitude higher respiration than the angiosperms, with the respiration
rates being around 12 and 3 pmol O,cm= h7l, respectively. Such respiration rates
are much lower than those typically found in meristems, but considerably higher
than those measured in tissues purely devoted to storage, such as tubers. This sug-
gests that wood parenchyma cells have a more active role than just being a simple
storage compartment. Based on cytochemical staining, respiratory activity appears
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particularly high in parenchyma cells that are in a direct contact with xylem con-
duits. These so-called contact or vessel-associated cells are characterized by high
mitochondrial counts, high activity of respiratory enzymes (Sauter et al. 1973;
Alves et al. 2001), and reduced starch accumulation (Fig. 8.2b, c, d, Braun 1984).
Interestingly, wood parenchyma cells of some species contain chloroplasts and are
photosynthetically active (Langenfeld-Heyser 1989; Cocoletzi et al. 2013; Larcher
et al. 1988). The carbon assimilation rates exhibited by woody stems are low and
usually not sufficient to result in a net carbon uptake; nevertheless, they may be
involved in the refixation of CO, released during parenchyma respiration, thereby
reducing respiratory carbon loss (Pfanz et al. 2002).

Sucrose is usually the most abundant component of soluble sugar fraction found
in wood. There are three key enzymes governing the metabolism of sucrose in
plants—sucrose-6-phosphate-synthase (SPS), sucrose-synthase (SuSy), and inver-
ase (Fig. 8.4). While SPS catalyzes the synthesis of sucrose molecules from phos-
phorylated monomers, the other two enzymes, SuSy and invertase, are responsible
for sucrose catabolism. The difference between these two enzymes is that SuSy
catalyzes the conversion of sucrose into fructose and UDP-glucose, while invertase
catalyzes the hydrolysis of sucrose into nonphosphorylated monomers. In plants,
several types of invertases can be distinguished based on their subcellular localiza-
tion and pH optimum. While netural invertase (NI) is localized in the cytoplasm,
acid invertases (Al) are found in vacuoles and cell walls (Sturm 1999).

Seasonal changes in the activity of all three enzymes, SPS, SuSy, and invertase,
which play an important role in sucrose metabolism, were studied along a radial
profile in the sapwood of Robinia pseudoacacia, providing interesting insights into
the coordination of NSC mobilization and utilization (Hauch and Magel 1998). An
increased activity of sucrose synthesizing SPS was indicative of starch mobiliza-
tion. Thus, a high SPS activity was observed throughout the entire width of sap-
wood during cold winter months when starch is being hydrolyzed into soluble
sugars. The high SPS activity persisted in the middle and outermost sapwood during
bud break. In contrast, the activities of SuSy and neutral invertase peaked in sink
tissues to which sucrose was transported and subsequently catabolized. In spring,
SuSy was highly active in sapwood regions close to the cambium, producing UDP-
glucose for the synthesis of cell walls of newly developing xylem cells. By contrast,
NI was mostly active in the sapwood-to-heartwood transition zone during autumn,
likely providing precursors for the synthesis of heartwood phenolic. Similar pat-
terns in SPS and SuSy activity as observed in Robinia pseudoaccacia have also
been detected in the wood of Populus x canadensis (Schrader and Sauter 2002).

3.2 Translocation of Soluble Sugars

In order to supply carbon and energy to the cambium and the sapwood-to-heartwood
transition zone, sucrose and other soluble sugars arising from starch mobilization
have to move radially within the stem (Fig. 8.4). Rays provide an ideal path for such
a translocation (Van Bel 1990). Ray parenchyma cells are interconnected via pits
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Fig. 8.5 Parenchyma—conduit and parenchyma—parenchyma cell connections in Quercus robur.
(a) A radial section showing a vessel-ray interface observed with a light microscope. Numerous pit
connections are apparent at the interface between the ray and vessel (arrow) and between the
different files of ray cells (arrowheads). A clear distinction between contact (cc) and isolation cells
(ic) within the ray is obvious in the picture. (b) A slightly bordered pit between two ray cells (r)
observed with a transmission electron microscope. The pit membrane is penetrated by plasmodes-
mata (arrow). Various cytoplasmic bodies and vesicles are abundant in the pit channel, suggesting
intense transport activity across the pit membrane. (¢) Cross-section through an axial parenchyma
cell (ap) connected to an adjacent vessel (v) via a half-bordered pit. The pit membrane is without
plasmodesmata. The amorphous (or protective) layer between the pit membrane and the plasma-
lemma is thin but still apparent (asterisk). From the vessel lumen side, the pit membrane is covered
by an electron dense plug, also known as the “black cap” (arrow)

perforated by numerous plasmodesmata, such that a symplastic continuum exists
within the ray (Fig. 8.5a, b). This continuum can be visualized with symplastic fluo-
rescence tracers (Sokolowska and Zagérska-Marek 2012); however, very little is
known about the rate, selectivity, and regulation of this transport pathway. The rate
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and direction of the bulk symplastic transport of carbohydrates are likely driven by
the concentration gradient, similarly to the movement of sucrose during symplastic
phloem loading. Based on the dynamics of starch deposition, Sauter and Kloth
(1986) calculated a carbohydrate flow rate of 800 pmol cm™ s~! across the tangen-
tial ray walls of Populusx canadensis and concluded that much of this flux must
have occurred via plasmodesmata.

Moreover, the presence of highly ordered microfilaments and microtubules run-
ning parallel to the longer (i.e., radial) axis of the ray cells provides possibility for
active directional transport (Chaffey and Barlow 2001). Myosin, belonging to the
family of ATP-dependent molecular motors, and the polysaccharide callose are
localized at the plasmodesmal faces within the pit membranes. Both of these com-
pounds are known to influence the permeability of plasmodesmata (Reichelt et al.
1999; Zavaliev et al. 2011; White and Barton 2011) and could hence facilitate an
active regulation of the ray-to-ray cell conductance. Nevertheless, even if plasmo-
desmata are present and unblocked, the passage of molecules through pits will be
associated with a certain resistance. Thus, more efficient radial conduction is
expected in rays composed of procumbent rather than square or upright cells,
because the number of cell-to-cell connections that need to be crossed is smaller in
case of procumbent cells (Carlquist 1975).

Sugars can also move out of the parenchyma cells and enter the conduit lumen.
The exchange of carbohydrates between parenchyma cells and conduits is facili-
tated by conduit—parenchyma pits, which exhibit a different structure than the sim-
ple or slightly bordered parenchyma—parenchyma pit pairs (Fig. 8.5a, ¢). When
observed with a transmission electron microscope, the conduit—parenchyma pit
membranes appear compact, rather electron dense and free of plasmodesmata
(Fig. 8.5¢). In addition, a specialized cell wall layer is deposited underneath the pit
membrane, lining the entire conduit—parenchyma interface between the plasma-
lemma and the lignified wall. This so-called amorphous or protective layer may
enlarge the actual area available for the exchange of substances (Barnett et al. 1993);
however, other functions such as providing a buffer against xylem pressure oscilla-
tions were also proposed (Van Bel and Van der Schoot 1988). Both the pit mem-
brane and the amorphous layer are rich in pectins (Wisniewski and Davis 1995;
Plavcova and Hacke 2011). The amorphous layer contains also arabinogalactan-rich
glycoproteins (AGPs) (Wisniewski and Davis 1995). These extracellular proteins
prevent a tight alignment of pectin molecules (Lamport et al. 2006) and hence may
increase the porosity and permeability of the amorphous layer. Moreover, AGPs are
known to interact with the plasma membrane and act as receptors (Seifert and
Roberts 2007), which points to interesting possibilities for a more active role of the
amorphous layer in sensing and signaling. Another feature of conduit—parenchyma
pits is the formation of an additional pectinaceous plug during winter months
observed in several temperate trees (Wisniewski and Davis 1995; Wisniewski et al.
1991a). Because of its high electron density this plug is sometimes referred to as the
“black cap.” The exact function of the black cap is not known but it might hinder the
growth of ice crystals or prevent uncontrolled loss of water and other substances
from parenchyma cells during winter dormancy.
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Our knowledge of molecular mechanisms involved in the sugar movement
between parenchyma cells and conduits is rather limited, with most information
coming from a few temperate deciduous trees. In these trees, two opposing sugar
fluxes have been identified, namely the sugar efflux from and the sugar influx to the
parenchyma cells (Fig. 8.4). The balance between these two fluxes drives the sugar
composition of the xylem sap. High sugar concentrations, indicative of high efflux
and/or low influx rates, are often found in xylem sap during winter and early spring.
For instance, the spring sap concentration of sugar maple (Acer saccharum) reaches
typically values of 2-3 % (Taylor 1956), while a concentration of about 0.6 % was
measured in Acer platanoides (Schill et al. 1996) and Populus x canadensis (Sauter
1988). In contrast, the summer concentrations are close to 0.1 %.

The efflux of soluble sugars out of parenchyma cells (Fig. 8.4) occurs passively
along a concentration gradient (Sauter 1982; Améglio et al. 2004; Miinch 1930).
Therefore, high efflux rates are expected when the concentration of soluble sugars
in parenchyma cells is high. In agreement, high sugar efflux is observed during
winter when most of the starch stored in parenchyma cells is hydrolyzed. In walnut,
the sap sugar concentration was indeed highest during winter, with sucrose repre-
senting the most abundant xylem sap saccharide (Améglio et al. 2002, 2004). The
dynamics of sap sugars are different in poplar. In this species, a rapid increase in sap
sugar levels was observed during bud break, reaching levels more than three times
higher than those measured in winter. Interestingly, hexoses comprised the major
fraction of xylem sap sugars during this time, suggesting that sucrose might be
hydrolyzed in the apoplast by acid invertase (Sauter 1988). The rapid increase in sap
sugar levels indicates the sugar efflux is not just a mere leakage but rather an actively
regulated process. The sugar efflux rates are sensitive to inhibitors, suggesting that
the efflux is facilitated by membrane channels (Sauter 1982; Améglio et al. 2004).
Thus, the modulation of efflux rates can be achieved by changing the abundance and
activity of these hitherto uncharacterized proteins.

If sap flow occurs, sugars released into the conduit lumen can be carried via the
low-resistance apoplastic pathway toward the canopy. This additional amount of
carbon can be valuable to support flushing buds in spring (Bonhomme et al. 2010).
However, as vascular connections are often not fully developed during the initial
phase of bud reactivation (Ashworth 1982), sugars need to be reabsorbed by paren-
chyma cells and move to the bud tissue via extraxylary pathways.

In contrast to sugar efflux, the uptake of sugars from the xylem sap by paren-
chyma cells is an active process facilitated by proton-sugar symporters (Fig. 8.4).
Transcript and protein levels of several of these putative transporters have been
studied in walnut (Decourteix et al. 2006, 2008). While the sucrose transporter
JrSUT1 was strongly up-regulated in xylem parenchyma cells during bud break,
two hexose transporters, JrfHT1 and JrHT2, were abundant during the period of
intense radial growth. This suggests that the sugar uptake is selective and likely
tailored to suit specific physiological needs. The symport of sugars is powered by
the electrochemical gradient generated by ATP-dependent proton pumps also
known as H*-ATPases (Alves et al. 2007). High expression of H*-ATPase coincides
with a high activity of respiratory enzymes, indicating that the sugar retrieval is
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energetically demanding but also remarkably efficient. For instance, in willow
(Salix), the rates of sugar influx have been estimated to be more than five times
higher than the rates of sugar efflux (Sauter 1983).

In this section, we described the cellular processes that underlie the dynamics of
NSC in sapwood (Fig. 8.4), starting with the conversion of starch into soluble sugars,
continuing with the in situ use of sugars, and finishing with their radial and axial
transport into more distant sink tissues. We showed that NSC dynamics are driven
by the activity of key sugar-modifying enzymes and transport systems, acting within
the anatomical and physiological boundaries provided by wood parenchyma cells.
In the next section, we will briefly discuss potential implications of these processes
for whole plant physiology.

4 The Role of Sapwood NSC at the Whole Plant Level

Carbohydrate storage is important for a tree’s ability to withstand periods of
unfavorable environmental conditions and to reactivate its growth when favorable
conditions are reestablished. Interestingly, the NSC reserves are rarely depleted in
trees, leading to the suggestion that tree growth and survival is not limited by carbon
supply (Korner 2003). Alternatively, it has recently been proposed that trees actively
maintain high NSC concentration at the expense of growth in order to sustain plant
functioning under environmental stress (Sala et al. 2012a; Wiley and Helliker 2012).
We believe that the wide array of tightly regulated physiological processes taking
place in ray and axial parenchyma cells fits well into this picture. While starch accu-
mulation in wood parenchyma at the end of the growing season can be viewed as
manifestation of a long-term storage function, the complex dynamics of soluble
sugars can be perceived as a suite of active physiological processes—some are
related to maintenance respiration and growth while others are mostly involved in
stress mitigation (Fig. 8.6). For the sake of simplicity, we will outline these func-
tions as consecutive events progressing over seasons typical for a temperate climate.
However, we recognize that not all of these functions are relevant all the time.
Instead, different functions can be more important in different tree species or under
particular circumstances, resulting in different requirements on structural and phys-
iological properties of wood parenchyma cells.

In winter, two important physiological roles of soluble sugars can be identified,
namely the protection of parenchyma cells from freeze injury and reversal of freeze-
induced embolism. Subzero temperatures can damage or even kill wood paren-
chyma cells. Therefore, two strategies for coping with freezing temperatures
evolved in these cells—they either tolerate extracellular ice formation or avoid
freezing by deep supercooling (Sakai et al. 1987; Kuroda et al. 2003; Burke et al.
1976). In the case of freeze tolerance, an increased concentration of soluble sugars
resulting in higher osmotic potential of the cytoplasm helps to prevent cellular
dehydration driven by extracellular freezing (Yuanyuan et al. 2009; Cavender-Bares
2005). In case of freeze avoidance, soluble sugars may help to inhibit the formation
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Fig. 8.6 Schematic representation of various functions that starch and soluble sugars fulfill in
sapwood. Starch represents the primary form of nonstructural carbohydrates used for the long-term
storage. Starch can be converted into soluble sugars that fulfill more active physiological roles.
Soluble sugars are used for respiration. They are important for defense against pathogens by pro-
viding energy and material for the synthesis of defense chemicals. Increased concentration of
soluble sugars in wood parenchyma cells may prevent freeze and desiccation damage. Soluble
sugars can move radially via the symplastic continuum in ray parenchyma cells toward the cam-
bium or toward the center of the stem to supply carbon and energy for the formation of new xylem
or for the synthesis of heartwood extractives. Soluble sugars are also secreted into the apoplast
where they can drive refilling of xylem embolism. Sugars released to the xylem sap can be carried
upstream and retrieved closer to the plant apex, thereby supplying carbon to flushing buds

of ice crystals and to stabilize the plasmatic membrane. Furthermore, the integrity
of the amorphous layer and its pectin composition are important for the ability of
parenchyma cells to undergo supercooling (Wisniewski and Davis 1989; Wisniewski
et al. 1991b).

Repeated freeze—thaw cycles are known to induce embolism of xylem conduits
even under modest tensions. Ring-porous trees cope with this phenomena by pro-
ducing new conduits in spring, whereas many diffuse porous species are capable of
refilling embolized conduits (Hacke and Sauter 1996). Refilling can be driven by
positive root or stem pressure or a combination of the two. While the accumulation
of inorganic nutrients in the root apoplast seemed to underlie the development of
root pressure in Juglans, soluble sugars released by the parenchyma cells were critical
for the generation of positive stem pressure in both Juglans (Améglio et al. 2002, 2004;
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Ewers et al. 2001) and Acer (Sauter et al. 1973; Hacke and Sauter 1996). Thus, in
climates where freezing occurs, wood parenchyma can be important for the restora-
tion of vascular integrity at the start of a new growing season. On the other hand, a
high amount of parenchyma represents a challenge because freeze damage to the
living tissue needs to be prevented.

In spring, the main function of soluble sugars is to support new growth in order
to quickly reestablish photosynthetic production. Expanding buds and the active
cambial zone represent the strongest sinks during this period. Both of these tissues
receive carbohydrates stored in sapwood (Hill et al. 1995; Bonhomme et al. 2010;
Decourteix et al. 2008). While little is known about the partitioning of reserves
between these two tissues, it can be expected that it is closely related to the offset
between the cambium and bud phenology. The cambium likely represents a more
important sink for stored carbohydrates in ring-porous than diffuse-porous species
because a large proportion of the radial stem growth occurs before the onset of
photosynthetic activity in ring-porous trees (Barbaroux and Bréda 2002; Panchen
et al. 2014). In species that bloom before the leaf-out, the opening flower buds draw
strongly on stored reserves as indicated by a pronounced decline in branch wood
NSC levels (Hoch et al. 2003). Higher allocation of NSC reserves into the cambium
should put more requirements on the radial transport mechanisms via the ray sym-
plast, while the axial transport pathway, which involves sugar exchange between
wood parenchyma and xylem apoplast, should be accentuated in case of higher
needs for sugar translocation into the buds.

In summer, when the canopy is fully developed and photosynthetically active,
soluble sugars found in the sapwood could help to prevent and repair damage caused
by environmental stress. In the more traditional sense, the importance of sapwood
NSC reserves should be seen in the possibility to regrow leaves in case of severe
defoliation caused by environmental stress. From the less traditional point of view,
the high NSC pool may be needed for a continuous maintenance of hydraulic integrity
that is constantly being perturbed. Drought and the attack of pathogens arguably
represent the two most important environmental challenges frequently encountered
by trees.

The importance of carbohydrates in the repair of drought-induced embolism has
been widely recognized. Despite some recent concerns calling the routine occur-
rence of refilling under tension into question (Wheeler et al. 2013; Sperry 2013), the
active release of both sugars and water into the conduit lumen by xylem parenchyma
cells is believed to be at the heart of the putative mechanism that may facilitate
rapid reversal of drought-induced embolism (Salleo et al. 1996; Tyree et al. 1999;
Hacke and Sperry 2003; Secchi et al. 2011; Secchi and Zwieniecki 2011; Brodersen
et al. 2010). Moreover, abundant wood parenchyma, as found in many tropical trees,
can help to delay the onset of cavitation by providing high water storage capacity
(Borchert and Pockman 2005). It is not known if excessive water loss from paren-
chyma cells during drought can compromise their physiological functions, although
desiccation-induced damage to the protoplasm has been documented in wood
parenchyma cells during cold stress (Ristic and Ashworth 1994). If the maintenance
of turgor pressure is important, for instance for biomechanical reasons (Chapotin
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et al. 2006), increased concentration of soluble sugars could provide means for
reducing the capacitive discharge from wood parenchyma cells.

The importance of ray and axial parenchyma for wound and pathogen responses
in wood is also well documented. Most importantly, parenchyma cells produce tylo-
ses and gums that plug old or damaged xylem conduits, thereby preventing uncon-
trolled spread of pathogens within the xylem pipeline (Bonsen and Kucera 1990;
Nicole et al. 1992). The production of these vascular occlusions involves active
secretory processes (Rioux et al. 1998) and hormonal signaling (McElrone et al.
2010), and thus is likely associated with high demands for energy that can be drawn
from NSC reserves. On the other hand, a higher proportion of thin-walled paren-
chyma cells that are rich in carbohydrates can make wood more attractive for
nutrient-seeking pathogens and herbivores (Schwarze 2007; Martin et al. 2009).
This could result in a faster progression of infection once the pathogen succeeds in
overcoming the initial defense mechanisms.

In fall, the wood parenchyma NSC stores should be replenished and available to
support the tree’s physiological functions in winter and during the next growing
season. However, some of the NSC can still be consumed for heartwood formation,
which is known to occur predominantly during the period of early dormancy (Taylor
et al. 2002). As suggested in a recent review (Spicer 2005), heartwood formation
should be viewed as an active developmental program during which a conductive
but vulnerable sapwood is transformed in a nonconductive but durable heartwood.
This process, initiated within wood parenchyma cells, involves a suite of biochemi-
cal reactions that use, at least in part, energy and carbon from carbohydrates stored
in sapwood (Hauch and Magel 1998; Magel et al. 1994).

In this section, we summarized the most important ways of how sapwood NSC
are used in growth, development, and stress mitigation (Fig. 8.6) and showed the
tight links to the well-known functions of ray and axial parenchyma cells. However,
it is important to note that reserves other than NSC are also stored in wood paren-
chyma cells, with nitrogen and phosphorous representing the most important ones
(Hoch et al. 2003; Langheinrich and Tischner 1991; Sauter and van Cleve 1991).
Thus, it is likely that the tree performance is, at least in some occasions, more
strongly limited by the availability of these nutrients than by the availability of
carbon (Millard and Grelet 2010; Sala et al. 2012b). Nevertheless, we believe that
our analysis of NSC dynamics provides a useful conceptual basis that can be applied
to better understand the dynamics of other nutrients as well.

5 Future Perspectives

Research on xylem has a great tradition in integrating structure and function and
great advances in understanding the plant water transport have been made by link-
ing the anatomy of xylem conduits to functional hydraulic traits (Hacke et al. 2001,
2006; Jansen et al. 2009). We can envision similar progress in elucidating the
functional role of parenchyma cells in carbohydrate storage and dynamics, paved by
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uncovering the great diversity in ray and axial parenchyma structure and their spatial
distribution. Such research would greatly benefit from integrating approaches tradi-
tionally used in studies on xylem hydraulics (e.g., perfusion experiments, analysis
of pit structure) with methods used to examine phloem physiology (e.g., the appli-
cation of symplastic and apoplastic tracers, radioactive labelling, molecular meth-
ods). Moreover, ecological data on sapwood NSC concentration and composition
will help to upscale the processes and imply their importance for whole plant
functioning.

Most research to date has been made on temperate species. However, wood
structure exhibits great diversity and ray and axial parenchyma seems to be more
abundant and exhibit more elaborated patterns in tropical trees. Similarly, carbohy-
drate metabolism in sapwood seems to be more complex, dynamic, and shifted
further from the role in long-term storage in the tropics. Therefore, studies con-
ducted on tropical trees might provide further valuable insights.
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Chapter 9
Wood Anatomy and Plant Hydraulics
in a Changing Climate

William R.L. Anderegg and Frederick C. Meinzer

1 Introduction

Due to their hydraulic system that allows them to transport water from the soil to
leaves, woody plants have become incredibly successful in terrestrial ecosystems
since their evolution ~400 million years ago (Hartmann 2011). This vascular system
lets trees conduct water from the soil up to more than 100 m (Koch et al. 2004),
allowing trees to compete for light and absorb several petagrams of carbon from the
atmosphere via photosynthesis every year (Le Quéré et al. 2009). Thus, plant
hydraulics form the “backbone” of most terrestrial ecosystems, facilitating net
primary production and carbon sequestration by the biosphere (Brodribb 2009). The
carbon sequestration of global forests alone is estimated at roughly 2.5 Pg carbon,
equivalent to 25 % of anthropogenic carbon emissions in 2010 (Pan et al. 2011).
Similarly, vascular transport plays a major role in the global hydrological water
recycling that drives upwards of 80 % of evapotranspiration over land, influencing
global circulation and precipitation patterns (Jasechko et al. 2013).

Hydraulic architecture comprises part of an integrated set of traits and life his-
tory trade-offs that allow woody plants to colonize diverse environments, compete,
and coexist. Wood anatomy plays a central role in plant hydraulic strategies due to
the inherent trade-offs associated with partitioning of wood volume between water
transport and structural support functions and a fixed pool of carbon and energy
that can be allocated across growth, fecundity, tissue maintenance, and tissue repair
(Chave et al. 2009; Domec et al. 2008). Maximizing fitness is thought to involve
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maximum carbon uptake for growth and reproduction, which requires water
transport to the canopy, while avoiding the damaging or lethal risks of abiotic
stressors such as water limitation and mechanical damage (Chave et al. 2009;
Cowan 1978). Wood anatomy interacts with other components in the hydraulic
continuum, including the root—rhizosphere interface and the water—air interface in
stomatal pores on leaves (Barnard et al. 2011). Furthermore, the allocation to dif-
ferent tissues, including sapwood, fine roots, leaves, as well as rooting distribution
and depth, are other major components of individuals’ and species’ hydraulic
strategies.

Wood anatomy and plant hydraulics will be central in understanding species’
responses to and ability to cope with rapid environmental change, including anthro-
pogenic climate change (McDowell et al. 2008). While plant hydraulics have evolved
to changes in climate over evolutionary timescales (Pittermann et al. 2012), the
recent and future rates of climate change are likely to place considerable stress on
vascular plants. Global temperatures have increased roughly 0.8 °C since preindus-
trial times (IPCC 2013), but the rate of temperature increase over 1980-2005 was
faster than that of any documented rapid warming period in the geologic past, includ-
ing warming periods that triggered mass extinctions (Diffenbaugh and Field 2013).
The projected magnitude of warming approaches those of the geologic record, but
with 10-50-fold faster rates (Diffenbaugh and Field 2013). Due to rising tempera-
tures, an “acceleration” of the hydrological cycle is also expected, leading to wet
areas generally getting wetter and dry areas generally getting drier (Betts et al.
2007). Similarly, projections indicate that longer dry spells and increased evapora-
tive demand due to higher temperatures will increase drought stress in many regions
of the world, particularly in tropical South America, southern Europe, Australia,
western United States, and subtropic Africa (Dai 2013) (Fig. 9.1). Rising atmo-
spheric carbon dioxide concentrations, however, may help trees ameliorate drought
stress due to increasing water use efficiency (Keenan et al. 2013), and consequently
the balance of these trends is largely unknown (Bonan 2008; Friend et al. 2013).

Though no global datasets currently exist to assess temporal trends, widespread
tree mortality triggered by drought and heat stress has been observed on every veg-
etated continent in recent decades (Allen et al. 2010; Anderegg et al. 2013b)
(Fig. 9.2). Some of these events have included regional-scale massive die-offs, such
as the mortality of Pinus edulis and Populus tremuloides, in the western United
States following abnormally hot droughts in 2000-2003 (Anderegg et al. 2012b;
Breshears et al. 2005; Worrall et al. 2008). Where temporal data are available, plot
networks monitored from the 1960s to present indicate that background mortality
rates in western North America have increased substantially over that period, likely
due to climate stress (Peng et al. 2011; van Mantgem et al. 2009). Due in large part
to major uncertainties surrounding how trees die from drought stress, current pre-
dictive ability of which species are most vulnerable, when, where, and to what types
of drought is very limited (Anderegg et al. 2012a; McDowell et al. 2011).

Plant hydraulics and wood anatomy are likely important traits in assessing spe-
cies’ vulnerability to increasing severity of climatic stresses, such as drought, high
temperatures, and consequent high evaporative demand. The biophysical properties
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Fig.9.1 (a) Percentage changes from 1980-1999 to 2080-2099 in the multimodel ensemble mean
soil-moisture content in the top 10 cm layer (broadly similar for the whole soil layer) simulated by
11 CMIP5 models under the RCP4. Five emissions scenario. Stippling indicates at least 82 %
(9 out of 11) of the models agree on the sign of change. (b) Mean self-calibrated Palmer Drought
Severity Index using the Penman-Monteith formulation (sc_PDSI_pm) averaged over 2090-2099
computed using the 14-model ensemble mean climate (including surface air temperature, precipi-
tation, wind speed, specific humidity, and net radiation) from the CMIP5 simulations under the
RCP4.5 scenario. A sc_PDSI_pm value of —3.0 or below indicates severe to extreme droughts for
the present climate. Adapted from Dai (2013)

of wood and the structure and configuration of the xylem conduits contained therein
are key determinants of the efficiency of whole-plant water transport, resistance to
hydraulic dysfunction, and recovery of water transport capacity following periods
of hydraulic dysfunction (Tyree and Zimmermann 2002). The structural features
that govern the efficiency and safety of water transport at the individual conduit
level are discussed in detail elsewhere in this volume. Briefly, the hydraulic conduc-
tivity of coniferous tracheids is largely determined by the size and frequency of their
bordered pits, the pit membrane pore size, as well as tracheid diameter (Domec
et al. 2006; Hacke et al. 2004; Pittermann et al. 2005, 2010), whereas conductivity
of angiosperm vessels is most strongly related to their diameter and length (Sperry
et al. 2006; Zanne et al. 2010). Conduit hydraulic safety or resistance to embolism
is most strongly related to pit membrane pore size in vessels and to bordered pit
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Fig. 9.2 Images of climate-induced forest die-off from around the world, adapted from
Anderegg et al. (2013b). Photo credits, clock-wise from top left: Spain—Rafael Navarro-Cerrillo,

China—Youquing Luo, New Mexico

Craig D. Allen, Argentina—Thomas Kitzberger

characteristics, particularly torus overlap at the pit aperture and margo pore size
near the torus edge in tracheids (Delzon et al. 2010; Domec et al. 2006, 2008; Hacke
and Jansen 2009; Hacke et al. 2004). A third biophysical property of wood related
to its structure is hydraulic capacitance, the amount of water released per unit
decline in water potential or increase in xylem tension. Capacitive discharge of
water into the transpiration stream during the day and recharge of capacitance over-
night can play an important role in buffering transpiration-induced fluctuations in
xylem tension that could lead to catastrophic levels of embolism in the absence of
transient buffering (Holttd et al. 2009; Meinzer et al. 2003, 2008a, 2009). As might
be expected, capacitance is inversely related to wood density (McCulloh et al. 2014;
Scholz et al. 2008), which reflects the relative volumes of solid material and pore
space available for water storage in wood. Not surprisingly, all of the preceding
wood structural features and biophysical properties exhibit strong axial variation
from woody roots to terminal branches associated with corresponding axial trends
of increasing xylem tension (Domec et al. 2008; Koch et al. 2004; Woodruff et al.
2004). In tall conifers, wood features such as tracheid diameter, specific conductivity,
and Ps, vary dramatically across two orders of magnitude of stem diameter from the
trunk base to terminal branches, which can correspond to a height range and path
length of >50 m (Fig. 9.3). Thus, the degree of plasticity of wood structure and function
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et al. (2014)
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within individual plants may serve as a suitable proxy for a species’ ability to
maintain the integrity of xylem water transport in the face of climate-induced altera-
tions in baseline levels and extremes of xylem tension.

In this chapter, we first provide an overview of the trade-offs present in wood
anatomy and physiology by woody plants. We then discuss how rising carbon dioxide
concentrations, increasing temperature, and more severe droughts may alter wood
anatomy and plant hydraulics and conversely how these plant traits can help predict
cross-species vulnerability to climatic changes. We further examine the breadth and
potential for anatomical plasticity and its relationship with measured hydraulic
properties. We conclude with prominent future research directions and major gaps
in the understanding of plant anatomy, physiology, and demography in a world of
rapid environmental change.

2 Trade-Offs in Wood Anatomy and Physiology

Species exhibit different operating ranges along continua of wood properties that
determine higher order plant hydraulic traits and physiological behavior that con-
serves hydraulic function. Typically, the trajectory of one wood structural feature or
biophysical property dictates the trajectories of other related biophysical, hydraulic
and physiological traits and behaviors, resulting in a series of trade-offs. These
hydraulic trade-offs are components of overall species strategies for acquisition of
other resources in addition to water (Reich 2014). The classic hydraulic trade-off is
one of xylem safety versus efficiency, wherein more conductive xylem is less resis-
tant to drought-induced embolism (Meinzer et al. 2010; Sperry et al. 2008; Tyree
etal. 1994). As explained above, capacitance can play a central role in avoidance of
tension-induced embolism under nonextreme diurnal conditions. However, there
appears to be a trade-off of capacitance against resistance to drought-induced embo-
lism across a broad range of woody species (Fig. 9.4). The trade-off is nonlinear and
characterized by a threshold lower limit of capacitance below which resistance to
embolism increases sharply as capacitance declines. The relationship between
capacitance and Ps, may reflect the rapidly diminishing transient buffering effect of
capacitance on xylem tension under conditions of progressively intensifying drought
that prevent overnight recharge of tissue water storage compartments. This potential
limitation could be partially mitigated if embolism were more readily reversible in
species with high capacitance, but this remains to be elucidated.

Wood density is a fundamental biophysical property that can often serve as a
robust proxy for an array of simple and complex hydraulic traits over a range of
scale from tissue to whole plants (Chave et al. 2009; Meinzer et al. 2008a; Pratt
et al. 2007; Zanne et al. 2010). In tropical trees, traits such as trunk-to-branch taper-
ing of vessels, branch leaf-specific conductivity, and whole-plant leaf-specific con-
ductance have been shown to be strongly related to wood density (Fig. 9.5).
These and other hydraulic traits often scale uniformly with wood density across
species and functional types such as pioneer (low density) and late successional
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Fig. 9.4 Relationship between sapwood capacitance and the xylem pressure causing 50 % loss of
stem conductivity (Ps) for several conifer and angiosperm tree species from different ecosystems.
Figure from Scholz et al. (2011)

(high density) species (Fig. 9.5). Additional relationships between hydraulic traits
and wood density include a positive correlation with resistance to embolism (Bucci
et al. 2013; Hacke et al. 2001a; Ogasa et al. 2013; Pratt et al. 2007), a negative cor-
relation with sapwood capacitance (Meinzer et al. 2008b; Scholz et al. 2011), and a
negative correlation with minimum leaf water potential and leaf water potential at
turgor loss (Meinzer 2003; Meinzer et al. 2008b).

Hydraulic safety margins are an example of higher order physiological regula-
tion associated with basic wood anatomical and biophysical properties. A hydraulic
safety margin can be defined as the difference between a given point along a plant
organ’s xylem vulnerability curve (e.g., Psy) and the organ’s normal daily minimum
xylem pressure determined by stomatal regulation of transpiration (Brodribb et al.
2003; Bucci et al. 2013; Jones and Sutherland 1991; Meinzer et al. 2009; Sparks and
Black 1999; Tyree and Sperry 1988). Multispecies plots of branch Ps, against
minimum branch water potential (an estimate of xylem pressure) reveal that safety
margins increase as minimum water potential becomes more negative (Pockman
and Sperry 2000) and that the tracheid-bearing conifers tend to sustain more nega-
tive branch water potentials and maintain larger hydraulic safety margins than the
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vessel-bearing angiosperms (Choat et al. 2012; Meinzer et al. 2009). Moreover,
when safety margins are referenced to the air entry threshold, the inflection point on
the xylem vulnerability curve at which loss of conductivity begins to increase
steeply with decreasing xylem pressure, many angiosperms exhibit slightly negative
safety margins implying that they may normally experience low baseline levels of
embolism (Meinzer et al. 2009). These patterns have led to the suggestion that
angiosperm trees operate perilously close to their limits for catastrophic hydraulic
failure and are at a high risk of mortality during drought events (Choat et al. 2012).
However, accumulating evidence points to a robust capacity of many angiosperms
to regain stem hydraulic capacity following large drought-induced losses (Martorell
et al. 2014; Ogasa et al. 2013; Urli et al. 2013). In contrast, conifers are reputed to
have a low ability to recover from massive embolism, consistent with their mainte-
nance of larger safety margins (Brodribb et al. 2010; Brodribb and Cochard 2009).
The tendency for conifers to operate at larger hydraulic safety margins than angio-
sperms is also correlated with lower volume fractions of xylem parenchyma in coni-
fer than in angiosperm sapwood (Johnson et al. 2012). These differences in xylem
parenchyma volume are also correlated with higher nonstructural carbohydrate con-
centrations in angiosperm wood, which has led to the hypothesis that sugars may
play a more important role in embolism reversal (Bucci et al. 2003; Salleo et al.
2009) in angiosperms than conifers, reducing the risk of angiosperms operating at
smaller hydraulic safety margins (Johnson et al. 2012).

Despite strong relationships between wood anatomy and a series of hydraulic
traits, using these traits to reliably predict differences in species performance and
survival under current and anticipated climate scenarios remains somewhat elusive.
It seems clear that individual traits such as stem Ps;, are not sufficient because sur-
veys of variation in Ps, within different vegetation types (e.g., Maherali et al. 2004)
and among co-occurring species (e.g., Jacobsen et al. 2007; Pratt et al. 2012) indi-
cate that multiple plant hydraulic strategies can be successful in a given environ-
ment. Thus, in addition to the hydraulic traits and trade-offs that can be characterized
based on wood and conduit structure, plant architectural and behavioral attributes
such as rooting depth, degree of iso- or anisohydry, and phenology will likely need
to be taken into account.

3 Wood Anatomy, Physiology, and Global Change Drivers

Since preindustrial times (ca. 1750), atmospheric CO, concentrations have risen
from 280 parts per million to around 400 parts per million in 2013. Rising CO,
concentrations has generally increased water use efficiency of forests (Keenan et al.
2013), allowing them to take up more carbon per unit water, and possibly buffer
water stress as well (Ponce Campos et al. 2013). Elevated CO, concentrations have
been documented to affect xylem anatomy, leading to generally larger conduit sizes
in ring-porous angiosperm species and some gymnosperms, but little changes in
conduit sizes in diffuse-porous angiosperm species (Domec et al. 2010; Phillips
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etal. 2011; Way 2013). Because increases in conduit size largely increase hydraulic
conductivity, this can lead to higher vulnerability to water stress, but the interactive
effects of CO, concentrations with concomitant rises in temperature and drought
regimes may offset or counter these patterns (Kilpeldinen et al. 2007; Maherali and
DelLucia 2000a).

Similarly, rising temperatures will also affect xylem anatomy and physiology. In
a 6-year growth chamber experiment in Pinus sylvestris, elevated temperatures dif-
ferentially affected xylem anatomy more than elevated CO, concentrations, leading
to increases in tracheid width, length, and coarseness, and the effects were most
pronounced in early wood (Kilpeldinen et al. 2007). In Eucalyptus camaldulensis,
however, growth at higher temperatures led to higher wood density, lower hydraulic
conductance, and a shift toward smaller vessel diameters (Thomas et al. 2004).
Temperature can affect hydraulic vulnerability to cavitation, both through effects on
conduit size and xylem anatomy and through effects on xylem fluid viscosity,
although most of the evidence for this comes from studies of contrasting existing
environments (e.g., Maherali and DeLucia 2000b).

Naturally, water availability places the largest constraints on xylem anatomy and
physiology. Vulnerability to cavitation shows remarkable adaptive radiation across
environments, differing widely as a function of water limitation across species
(Mabherali et al. 2004). Similarly, over evolutionary timescales, dry periods have
been shown to drive the adaptation of cavitation-resistant xylem across the hydrauli-
cally diverse Cupressaceae family at multiple points in the past 30 million years
(Pittermann et al. 2012).

The tight coupling between xylem anatomy, function, and the environment indi-
cates that hydraulic characteristics and traits can provide useful insights into which
species, biomes, and locations could be most vulnerable to drought (Nardini et al.
2013). Lethal failure of the plant hydraulic system has been observed in a number
of species in response to drought (Anderegg et al. 2012b; Brodribb and Cochard
2009; Hoffmann et al. 2011; Mitchell et al. 2013; Nardini et al. 2013; Urli et al.
2013). Preliminary experiments indicate that mortality risk appears to increase sub-
stantially above 50 % loss conductivity in gymnosperms and closer to 80 % loss in
angiosperms (Brodribb and Cochard 2009; Urli et al. 2013) (see also Pratt, this
volume).

Hydraulic impairment due to embolism and accumulated damage will likely
interact with other mechanisms of mortality, including the interdependent plant car-
bon status (McDowell et al. 2011), but nonetheless appears to be a prominent
explanatory variable in explaining cross-species patterns of drought-induced mor-
tality. Hoffmann et al. (2011) found that the percent loss hydraulic conductivity,
explained 55 % of the variation in dieback across 22 angiosperm species in the
southeastern United States. Nardini et al. (2013) found that the water potential at
which 50 % of hydraulic conductivity is lost (Ps,) captured 90 % of the variation in
mortality rates across six species in Italy. Similarly, integrated wood anatomy traits,
especially wood density, are correlated with mortality rates after drought in tropical
ecosystems globally as well (Kraft et al. 2010; Phillips et al. 2010). Because many
drought-induced mortality events are multiyear and last beyond the inciting drought,
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the extent and limits of regrowth of new xylem and repair of embolism are
thought to be quite important as well (Anderegg et al. 2012a; Brodribb et al. 2010),
perhaps explaining the differential mortality sensitivities between gymnosperms
and angiosperms.

A large array of nonhydraulic characteristics will influence vulnerability to
drought as well, including coordination of leaf water balance and stomatal regula-
tion (Mitchell et al. 2013), allocation across tissues such as root-to-leaf-area ratios
(West et al. 2008), drought characteristics such as intensity and seasonality
(Anderegg et al. 2013a), and soil and topoedaphic characteristics such as character-
istic moisture curve (Koepke et al. 2010). Rooting depth is another key trait that can
determine water availability and mortality during drought (Paddock et al. 2013).
Nevertheless, wood anatomy and hydraulic traits present a promising avenue for
evaluating, modeling, and predicting the vulnerability of tree species with future
climate changes.

4 Plasticity in Wood Anatomy and Hydraulics over
Time and Space

Wood anatomy and plant hydraulics are known to vary in time and in space within
the same species. Nevertheless, the magnitude of intraspecific variation in contrast
to interspecific variation of hydraulics is less well known (e.g., Lamy et al. 2013)
(see also Hacke, this volume). A large number of studies have quantified anatomical
and physiological differences in wood in species in contrasting environments, espe-
cially along moisture gradients (e.g., Alder et al. 1996; Maherali and DeLucia
2000b). A recent meta-analysis synthesized these studies and found that intraspe-
cific variation of a key hydraulic trait (Psy) was ecologically relevant, equivalent to
33 % of the variation across species within the same genus and 20 % of the variation
within a plant functional type (Fig. 9.6) (Anderegg 2014). Furthermore, intraspe-
cific variation seemed to be higher in angiosperms than in gymnosperms (Anderegg
2014), which fits with understanding of key anatomical differences between the
groups (Johnson et al. 2012). Finally, this key trait was poorly captured in plant
functional types used to model vegetation response to drought under climate sce-
narios (Anderegg 2014).

Temporal variation of plant hydraulics is less well known. Tree ring records indi-
cate that many wood anatomical components are sensitive to climate parameters
during the years in which they are formed, which suggests that these anatomical
differences could affect hydraulics over time (Fonti et al. 2010; Olano et al. 2013).
For example, wood density has been shown to increase in oak trees in years follow-
ing a severe drought (Corcuera et al. 2004) and an analysis of contemporary and
paleoclimate effects on vessels in Quercus macrocarpa tree rings showed a signifi-
cant positive relationship between spring temperatures and earlywood vessel diameter
and conductivity (Voelker et al. 2012). The number of functional xylem rings will
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Fig. 9.6 Coefficient of variation of the water potential at which a plant stem reaches percent loss
of hydraulic conductivity (Ps,) across (a) space versus time within a given angiosperm species, (b)
spatially across angiosperms versus gymnosperms within a given species, and (¢) comparing
within-species spatial variation, within-genus variation, within-plant functional type (PFT) varia-
tion (tree PFTs only), and across PFT variation (here “cPFT” for cross-PFT). Numbers below bars
indicate the sample size of the number of species included. Letters denote statistical significance
at p<0.05. Adapted from Anderegg (2014)

also determine the degree of potential plasticity of hydraulic architecture in response
to changes in climate. For example, in the oaks described above, the species’ water
transport relies strongly upon xylem formed in the same year, giving rise to high
plasticity in response to climate (Voelker et al. 2012). Anatomical studies have indi-
cated that individual rings differ in their hydraulic properties and vulnerability to
embolism (Melcher et al. 2003). And at a whole-plant level, accumulated damage
through a mechanism like cavitation fatigue (Hacke et al. 2001b) or acclimation
following a severe stress can also likely occur. Nonetheless, the magnitude and
ubiquity of these processes is largely unknown.

Spatial and temporal variation in wood anatomy and hydraulic function can arise
from two processes—genetic variation or phenotypic plasticity. The balance of
these two holds immense importance for the ability of woody species to adapt to
shifting climate regimes (Nicotra et al. 2010). If intrapopulation genetic variability
is limited and interpopulation variability is large and plasticity is low, leading to
local adaptation, then many regions of a species’ range would be vulnerable to a
change in climate (Franks et al. 2013). On the other hand, if plasticity is high, many
individual plants may have scope for adapting to climate shifts in situ, allowing for
greater resilience (Nicotra et al. 2010). A compilation of common garden experi-
ments found that local adaptation and clinal variation in genetics and plant traits are
quite common in woody plants (Alberto et al. 2013), but the ranges and prevalence
of phenotypic plasticity are less well known. Nevertheless, as mentioned above,
wood structure and its hydraulic properties can vary dramatically with axial position
in tall trees, consistent with substantial plasticity during ontogeny that allows them
to cope with increasing xylem tension driven by gravity and cumulative frictional
resistances to flow as they increase in height (Fig. 9.3). In Douglas-fir trees ranging
in height from 6 to 85 m, Ps, ranged from about —2 MPa in trunks to —8 MPa in
uppermost branches and tracheid pit aperture conductance declined exponentially
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with increasing resistance to embolism. Extrapolation of the height-related trend in
pit aperture conductance suggested that pit conductance would fall to zero (i.e., zero
water transport) at a height of 99-123 m in trunks, consistent with recorded maxi-
mum heights for this species (Domec et al. 2008). Thus, in tall tree species, height-
related trends in wood anatomy and hydraulics may serve as an adequate proxy for
responses to increasing aridity.

5 Future Directions

The emergence of global databases of wood anatomy and plant hydraulic traits,
combined with the urgent need to understand and predict woody plant responses to
global environmental change, presents a number of exciting and promising research
directions. A major challenge revolves around connecting wood anatomy to demo-
graphic outcomes and fitness in a changing environment (e.g., Pratt et al. 2014). For
example, how meaningful are hydraulic safety margins and are they indicative of
true thresholds in vulnerability to drought? Similarly, after what hydraulic thresh-
olds do plants risk mortality and what components and degrees of hydraulic dys-
function can be repaired and survived? Cross-species experiments in glasshouses
that can carefully control and monitor water stress and whole-tree fluxes (Urli et al.
2013) and experiments that monitor recovery after a given stress (Ogasa et al. 2013)
are greatly needed. To date, we lack a detailed and mechanistic understanding of
embolism refilling, and how much it actually occurs in nature, particularly given
recent conflicting interpretations of the potential impact of sampling artifacts on the
apparent magnitude of daily embolism and refilling in some studies (Wheeler et al.
2013). This uncertainty is a major obstacle to understanding levels of hydraulic risk
and lethal thresholds in response to drought and temperature stress.

A second promising research avenue involves the investigation of spatial and
temporal variation in wood anatomy and plant hydraulics, and how much of this
variation is genetically determined versus phenotypic plasticity (Anderegg 2014).
In particular, there are relatively few common garden experiments that have measured
anatomical or hydraulic traits (but see Lamy et al. 2013; Schreiber et al. 2011;
Wortemann et al. 2011), which are useful in determining the relative influence of
adaptation versus plasticity, and also relatively few studies that quantify trait varia-
tion of multiple coordinated traits such as gas exchange, morphology, and hydraulic
traits across a species range (but see Martinez-Vilalta et al. 2009). Additionally, the
temporal scales and potential for turnover and plasticity in anatomy and hydraulic
traits over multiple years is not well known. Together, these types of studies can
help illuminate how pervasive is local adaptation, when and where in a species’
range it could be vulnerable to drought or temperature stress, and how much plasticity
can buffer a rapidly changing environment due to climate change.

Ultimately, climate change will have a profound effect on woody plants globally
and the ecosystem functions and services they provide. The rates of current and
future climate change meet or exceed the fastest rates observed in previous mass
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extinction events in the paleoclimate record. Better understanding of the mechanisms
through which climate affects plant hydraulics and, in turn, how plant characteris-
tics mediate physiological and demographic responses to a change environment will
facilitate prediction of climate change impacts on ecosystems and society.

Acknowledgements We thank Uwe Hacke for feedback on the manuscript. W.R.L.A. was
supported by a National Oceanic and Atmospheric Administration Climate and Global Change
Postdoctoral Fellowship, administered by the University Corporation for Atmospheric Research in
Boulder, Colorado.

References

Alberto FJ, Aitken SN, Alia R, Gonzilez-Martinez SC, Hianninen H, Kremer A, Lefévre F,
Lenormand T, Yeaman S, Whetten R, Savolainen O (2013) Potential for evolutionary responses
to climate change—evidence from tree populations. Glob Chang Biol 19:1645-1661

Alder N, Sperry J, Pockman W (1996) Root and stem xylem embolism, stomatal conductance, and
leaf turgor in Acer grandidentatum populations along a soil moisture gradient. Oecologia
105:293-301

Allen CD, Macalady AK, Chenchouni H, Bachelet D, McDowell N, Vennetier M, Kitzberger T,
Rigling A, Breshears DD, Hogg EH, Gonzalez P, Fensham R, Zhang Z, Castro J, Demidova N,
Lim JH, Allard G, Running SW, Semerci A, Cobb N (2010) A global overview of drought and
heat-induced tree mortality reveals emerging climate change risks for forests. For Ecol Manage
259:660-684

Anderegg WR (2014) Spatial and temporal variation in plant hydraulic traits and their relevance
for climate change impacts on vegetation. New Phytol 205(3):1008-1014

Anderegg WRL, Berry JA, Field CB (2012a) Linking definitions, mechanisms, and modeling of
drought-induced tree death. Trends Plant Sci 17:693-700

Anderegg WRL, Berry JA, Smith DD, Sperry JS, Anderegg LDL, Field CB (2012b) The roles of
hydraulic and carbon stress in a widespread climate-induced forest die-off. Proc Natl Acad Sci
U S A 109:233-237

Anderegg LDL, Anderegg WRL, Berry JA (2013a) Not all droughts are created equal: translating
meteorological drought into woody plant mortality. Tree Physiol 33:672—-683

Anderegg WRL, Kane JM, Anderegg LDL (2013b) Consequences of widespread tree mortality
triggered by drought and temperature stress. Nat Clim Change 3:30-36

Barnard DM, Meinzer FC, Lachenbruch B, McCulloh KA, Johnson DM, Woodruff DR (2011)
Climate-related trends in sapwood biophysical properties in two conifers: avoidance of hydrau-
lic dysfunction through coordinated adjustments in xylem efficiency, safety and capacitance.
Plant Cell Environ 34:643—-654

Betts RA, Boucher O, Collins M, Cox PM, Falloon PD, Gedney N, Hemming DL, Huntingford C,
Jones CD, Sexton DM (2007) Projected increase in continental runoff due to plant responses to
increasing carbon dioxide. Nature 448:1037-1041

Bonan GB (2008) Forests and climate change: forcings, feedbacks, and the climate benefits of
forests. Science 320:1444-1449

Breshears DD, Cobb NS, Rich PM, Price KP, Allen CD, Balice RG, Romme WH, Kastens JH,
Floyd ML, Belnap J, Anderson JJ, Myers OB, Meyer CW (2005) Regional vegetation die-off
in response to global-change-type drought. Proc Natl Acad Sci U S A 102:15144-15148

Brodribb TJ (2009) Xylem hydraulic physiology: the functional backbone of terrestrial plant pro-
ductivity. Plant Sci 177:245-251

Brodribb TJ, Cochard H (2009) Hydraulic failure defines the recovery and point of death in water-
stressed conifers. Plant Physiol 149:575-584



9 Wood Anatomy and Plant Hydraulics in a Changing Climate 249

Brodribb TJ, Holbrook NM, Edwards EJ, GutiERrez MV (2003) Relations between stomatal
closure, leaf turgor and xylem vulnerability in eight tropical dry forest trees. Plant Cell Environ
26:443-450

Brodribb TJ, Bowman DIMS, Nichols S, Delzon S, Burlett R (2010) Xylem function and growth
rate interact to determine recovery rates after exposure to extreme water deficit. New Phytol
188:533-542

Bucci S, Scholz F, Goldstein G, Meinzer F, Sternberg L (2003) Dynamic changes in hydraulic
conductivity in petioles of two savanna tree species: factors and mechanisms contributing to the
refilling of embolized vessels. Plant Cell Environ 26:1633-1645

Bucci SJ, Scholz FG, Peschiutta ML, Arias NS, Meinzer FC, Goldstein G (2013) The stem xylem
of Patagonian shrubs operates far from the point of catastrophic dysfunction and is additionally
protected from drought-induced embolism by leaves and roots. Plant Cell Environ
36:2163-2174

Chave J, Coomes D, Jansen S, Lewis SL, Swenson NG, Zanne AE (2009) Towards a worldwide
wood economics spectrum. Ecol Lett 12:351-366

Choat B, Jansen S, Brodribb TJ, Cochard H, Delzon S, Bhaskar R, Bucci SJ, Feild TS, Gleason
SM, Hacke UG, Jacobsen AL, Lens F, Maherali H, Martinez-Vilalta J, Mayr S, Mencuccini M,
Mitchell PJ, Nardini A, Pittermann J, Pratt RB, Sperry JS, Westoby M, Wright 1J, Zanne AE
(2012) Global convergence in the vulnerability of forests to drought. Nature 491:752-755

Corcuera L, Camarero J, Gil-Pelegrin E (2004) Effects of a severe drought on Quercus ilex radial
growth and xylem anatomy. Trees 18:83-92

Cowan IR (1978) Stomatal behaviour and environment. In: Preston RD, Woolhouse HW (eds)
Advances in botanical research. Academic, New York, pp 117-228

Dai A (2013) Increasing drought under global warming in observations and models. Nat Clim
Change 3:52-58

Delzon S, Douthe C, Sala A, Cochard H (2010) Mechanism of water-stress induced cavitation in
conifers: bordered pit structure and function support the hypothesis of seal capillary-seeding.
Plant Cell Environ 33:2101-2111

Diffenbaugh NS, Field CB (2013) Changes in ecologically critical terrestrial climate conditions.
Science 341:486-492

Domec J-C, Gartner BL (2001) Cavitation and water storage capacity in bole xylem segments of
mature and young Douglas-fir trees. Trees 15:204-214

Domec J-C, Gartner BL (2003) Relationship between growth rates and xylem hydraulic character-
istics in young, mature and old-growth ponderosa pine trees. Plant Cell Environ 26:471-483

Domec J-C, Lachenbruch B, Meinzer FC (2006) Bordered pit structure and function determine
spatial patterns of air-seeding thresholds in xylem of Douglas-fir (Pseudotsuga menziesii;
Pinaceae) trees. Am J Bot 93:1588-1600

Domec J-C, Lachenbruch B, Meinzer FC, Woodruff DR, Warren JM, McCulloh KA (2008)
Maximum height in a conifer is associated with conflicting requirements for xylem design.
Proc Natl Acad Sci 105:12069-12074

Domec J-C, Schifer K, Oren R, Kim HS, McCarthy HR (2010) Variable conductivity and embolism
in roots and branches of four contrasting tree species and their impacts on whole-plant hydraulic
performance under future atmospheric CO, concentration. Tree Physiol 30:1001-1015

Fonti P, von Arx G, Garcia-Gonzélez I, Eilmann B, Sass-Klaassen U, Gartner H, Eckstein D (2010)
Studying global change through investigation of the plastic responses of xylem anatomy in tree
rings. New Phytol 185:42-53

Franks SJ, Weber JJ, Aitken SN (2014) Evolutionary and plastic responses to climate change in
terrestrial plant populations. Evol Appl 7(1):123-139

Friend AD, Lucht W, Rademacher TT, Keribin R, Betts R, Cadule P, Ciais P, Clark DB, Dankers
R, Falloon PD, Ito A, Kahana R, Kleidon A, Lomas MR, Nishina K, Ostberg S, Pavlick R,
Peylin P, Schaphoff S, Vuichard N, Warszawski L, Wiltshire A, Woodward FI (2013) Carbon
residence time dominates uncertainty in terrestrial vegetation responses to future climate and
atmospheric CO,. Proc Natl Acad Sci 111(9):3280-3285



250 W.R.L. Anderegg and F.C. Meinzer

Hacke UG, Jansen S (2009) Embolism resistance of three boreal conifer species varies with pit
structure. New Phytol 182:675-686

Hacke UG, Sperry JS, Pockman WT, Davis SD, McCulloh KA (2001a) Trends in wood density
and structure are linked to prevention of xylem implosion by negative pressure. Oecologia
126:457-461

Hacke UG, Stiller V, Sperry JS, Pittermann J, McCulloh KA (2001b) Cavitation fatigue. Embolism
and refilling cycles can weaken the cavitation resistance of xylem. Plant Physiol 125:779-786

Hacke UG, Sperry JS, Pittermann J (2004) Analysis of circular bordered pit function
II. Gymnosperm tracheids with torus-margo pit membranes. Am J Bot 91:386—400

Hartmann H (2011) Will a 385 million year-struggle for light become a struggle for water and for
carbon?—how trees may cope with more frequent climate change-type drought events. Glob
Chang Biol 17:642-655

Hoffmann WA, Marchin RM, Abit P, Lau OL (2011) Hydraulic failure and tree dieback are associ-
ated with high wood density in a temperate forest under extreme drought. Glob Chang Biol
17:2731-2742

Holttd T, Cochard H, Nikinmaa E, Mencuccini M (2009) Capacitive effect of cavitation in xylem
conduits: results from a dynamic model. Plant Cell Environ 32:10-21

IPCC (2013) Summary for policymakers. Climate change 2013: the physical science basis.
Cambridge University Press, Cambridge

Jacobsen AL, Pratt RB, Davis SD, Ewers FW (2007) Cavitation resistance and seasonal hydraulics
differ among three arid Californian plant communities. Plant Cell Environ 30:1599-1609

Jasechko S, Sharp ZD, Gibson JJ, Birks SJ, Yi Y, Fawcett PJ (2013) Terrestrial water fluxes domi-
nated by transpiration. Nature 496:347-350

Johnson DM, McCulloh KA, Woodruff DR, Meinzer FC (2012) Hydraulic safety margins and
embolism reversal in stems and leaves: why are conifers and angiosperms so different? Plant
Sci 195:48-53

Jones H, Sutherland R (1991) Stomatal control of xylem embolism. Plant Cell Environ
14:607-612

Keenan TF, Hollinger DY, Bohrer G, Dragoni D, Munger JW, Schmid HP, Richardson AD (2013)
Increase in forest water-use efficiency as atmospheric carbon dioxide concentrations rise.
Nature 499:324-327

Kilpeldinen A, Gerendiain AZ, Luostarinen K, Peltola H, Kellomiki S (2007) Elevated tempera-
ture and CO, concentration effects on xylem anatomy of Scots pine. Tree Physiol
27:1329-1338

Koch GW, Sillett SC, Jennings GM, Davis SD (2004) The limits to tree height. Nature
428:851-854

Koepke DF, Kolb TE, Adams HD (2010) Variation in woody plant mortality and dieback from
severe drought among soils, plant groups, and species within a northern Arizona ecotone.
Oecologia 163:1079-1090

Kraft NJB, Metz MR, Condit RS, Chave J (2010) The relationship between wood density and
mortality in a global tropical forest data set. New Phytol 188:1124—1136

Lamy JB, Delzon S, Bouche PS, Alia R, Vendramin GG, Cochard H, Plomion C (2013) Limited
genetic variability and phenotypic plasticity detected for cavitation resistance in a Mediterranean
pine. New Phytol 201(3):874-886

Le Quéré C, Raupach MR, Canadell JG, Marland G, Bopp L, Ciais P, Conway TJ, Doney SC,
Feely RA, Foster P (2009) Trends in the sources and sinks of carbon dioxide. Nat Geosci
2:831-836

Maherali H, DeLucia EH (2000a) Interactive effects of elevated CO, and temperature on water
transport inponderosa pine. Am J Bot 87:243-249

Mabherali H, DeLucia EH (2000b) Xylem conductivity and vulnerability to cavitation of ponderosa
pine growing in contrasting climates. Tree Physiol 20:859-867

Mabherali H, Pockman WT, Jackson RB (2004) Adaptive variation in the vulnerability of woody
plants to xylem cavitation. Ecology 85:2184-2199



9 Wood Anatomy and Plant Hydraulics in a Changing Climate 251

Martinez-Vilalta J, Cochard H, Mencuccini M, Sterck F, Herrero A, Korhonen J, Llorens P,
Nikinmaa E, Nole A, Poyatos R (2009) Hydraulic adjustment of Scots pine across Europe.
New Phytol 184:353-364

Martorell S, Diaz-Espejo A, Medrano H, Ball MC, Choat B (2014) Rapid hydraulic recovery in
Eucalyptus pauciflora after drought: linkages between stem hydraulics and leaf gas exchange.
Plant Cell Environ 37:617-626

McCulloh KA, Johnson DM, Meinzer FC, Woodruff DR (2014) The dynamic pipeline: hydraulic
capacitance and xylem hydraulic safety in four tall conifer species. Plant Cell Environ
37(5):1171-1183

McCulloh KA, Meinzer FC, Sperry JS, Lachenbruch B, Voelker SL, Woodruff DR, Domec J-C
(2011) Comparative hydraulic architecture of tropical trees representing a range of succes-
sional stages and wood density. Oecologia 167:27-37

McDowell N, Pockman WT, Allen CD, Breshears DD, Cobb N, Kolb T, Plaut J, Sperry J, West A,
Williams DG, Yepez EA (2008) Mechanisms of plant survival and mortality during drought:
why do some plants survive while others succumb to drought? New Phytol 178:719-739

McDowell NG, Beerling DJ, Breshears DD, Fisher RA, Rafta KF, Stitt M (2011) The interdepen-
dence of mechanisms underlying climate-driven vegetation mortality. Trends Ecol Evol
26:523-532

Meinzer FC (2003) Functional convergence in plant responses to the environment. Oecologia
134:1-11

Meinzer FC, James SA, Goldstein G, Woodruff D (2003) Whole-tree water transport scales with
sapwood capacitance in tropical forest canopy trees. Plant Cell Environ 26:1147-1155

Meinzer FC, Campanello PI, Domec J-C, Gatti MG, Goldstein G, Villalobos-Vega R, Woodruff
DR (2008a) Constraints on physiological function associated with branch architecture and
wood density in tropical forest trees. Tree Physiol 28:1609-1617

Meinzer FC, Woodruff DR, Domec J-C, Goldstein G, Campanello PI, Gatti MG, Villalobos-Vega
R (2008b) Coordination of leaf and stem water transport properties in tropical forest trees.
Oecologia 156:31-41

Meinzer FC, Johnson DM, Lachenbruch B, McCulloh KA, Woodruff DR (2009) Xylem hydraulic
safety margins in woody plants: coordination of stomatal control of xylem tension with hydrau-
lic capacitance. Funct Ecol 23:922-930

Meinzer FC, McCulloh KA, Lachenbruch B, Woodruff DR, Johnson DM (2010) The blind men
and the elephant: the impact of context and scale in evaluating conflicts between plant hydrau-
lic safety and efficiency. Oecologia 164:287-296

Melcher PJ, Zwieniecki MA, Holbrook NM (2003) Vulnerability of xylem vessels to cavitation in
sugar maple. Scaling from individual vessels to whole branches. Plant Physiol
131:1775-1780

Mitchell PJ, O'Grady AP, Tissue DT, White DA, Ottenschlaeger ML, Pinkard EA (2013) Drought
response strategies define the relative contributions of hydraulic dysfunction and carbohydrate
depletion during tree mortality. New Phytol 197:862-872

Nardini A, Battistuzzo M, Savi T (2013) Shoot desiccation and hydraulic failure in temperate
woody angiosperms during an extreme summer drought. New Phytol 200(2):322-329

Nicotra AB, Atkin OK, Bonser SP, Davidson AM, Finnegan E, Mathesius U, Poot P, Purugganan
MD, Richards C, Valladares F (2010) Plant phenotypic plasticity in a changing climate. Trends
Plant Sci 15:684-692

Ogasa M, Miki NH, Murakami Y, Yoshikawa K (2013) Recovery performance in xylem hydraulic
conductivity is correlated with cavitation resistance for temperate deciduous tree species. Tree
Physiol 33:335-344

Olano JM, Arzac A, Garcia-Cervigén Al von Arx G, Rozas V (2013) New star on the stage:
amount of ray parenchyma in tree rings shows a link to climate. New Phytol 198(2):486—495

Paddock W, Davis SD, Pratt RB, Jacobsen AL, Tobin MF, Lopez-Portillo J, Ewers F (2013) Factors
determining mortality of adult chaparral shrubs in an extreme drought year in California. Aliso
31:49-57



252 W.R.L. Anderegg and F.C. Meinzer

Pan Y, Birdsey RA, Fang J, Houghton R, Kauppi PE, Kurz WA, Phillips OL, Shvidenko A, Lewis
SL, Canadell JG, Ciais P, Jackson RB, Pacala SW, McGuire AD, Piao S, Rautiainen A, Sitch
S, Hayes D (2011) A large and persistent carbon sink in the world’s forests. Science
333:988-993

Peng C, Ma Z, Lei X, Zhu Q, Chen H, Wang W, Liu S, Li W, Fang X, Zhou X (2011) A drought-
induced pervasive increase in tree mortality across Canada's boreal forests. Nat Clim Change
1:467-471

Phillips OL, van der Heijden G, Lewis SL, Lopez-Gonzalez G, Aragao LEOC, Lloyd J, Malhi Y,
Monteagudo A, Almeida S, Alvarez Davila E, Amaral I, Andelman S, Andrade A, Arroyo L,
Aymard G, Baker TR, Blanc L, Bonal D, Alves de Oliveira AC, Chao K-J, Davila Cardozo N,
da Costa L, Feldpausch TR, Fisher JB, Fyllas NM, Freitas MA, Galbraith D, Gloor E, Higuchi
N, Honorio E, Jimenez E, Keeling H, Killeen TJ, Lovett JC, Meir P, Mendoza C, Morel A,
Nunez Vargas P, Patino S, Peh KSH, Pena Cruz A, Prieto A, Quesada CA, Ramirez F, Ramirez
H, Rudas A, Salamao R, Schwarz M, Silva J, Silveira M, Slik JWF, Sonke B, Thomas AS,
Stropp J, Taplin JRD, Vasquez R, Vilanova E (2010) Drought-mortality relationships for tropi-
cal forests. New Phytol 187:631-646

Phillips NG, Attard RD, Ghannoum O, Lewis JD, Logan BA, Tissue DT (2011) Impact of variable
[CO,] and temperature on water transport structure—function relationships in Eucalyptus. Tree
Physiol 31:945-952

Pittermann J, Sperry JS, Hacke UG, Wheeler JK, Sikkema EH (2005) Torus-margo pits help coni-
fers compete with angiosperms. Science 310:1924-1924

Pittermann J, Choat B, Jansen S, Stuart SA, Lynn L, Dawson TE (2010) The relationships between
xylem safety and hydraulic efficiency in the Cupressaceae: the evolution of pit membrane form
and function. Plant Physiol 153:1919-1931

Pittermann J, Stuart SA, Dawson TE, Moreau A (2012) Cenozoic climate change shaped the evo-
lutionary ecophysiology of the Cupressaceae conifers. Proc Natl Acad Sci 109:9647-9652

Pockman WT, Sperry JS (2000) Vulnerability to xylem cavitation and the distribution of Sonoran
Desert vegetation. Am J Bot 87:1287-1299

Ponce Campos GE, Moran MS, Huete A, Zhang Y, Bresloff C, Huxman TE, Eamus D, Bosch DD,
Buda AR, Gunter SA, Scalley TH, Kitchen SG, McClaran MP, McNab WH, Montoya DS,
Morgan JA, Peters DPC, Sadler EJ, Seyfried MS, Starks PJ (2013) Ecosystem resilience despite
large-scale altered hydroclimatic conditions. Nature 87:144—146

Pratt R, Jacobsen A, Ewers F, Davis S (2007) Relationships among xylem transport, biomechanics
and storage in stems and roots of nine Rhamnaceae species of the California chaparral. New
Phytol 174:787-798

Pratt RB, Jacobsen AL, Jacobs SM, Esler KJ (2012) Xylem transport safety and efficiency differ
among fynbos shrub life history types and between two sites differing in mean rainfall. Int J
Plant Sci 173:474-483

Pratt RB, Jacobsen AL, Ramirez AR, Helms AM, Traugh CA, Tobin MF, Heffner MS, Davis SD
(2014) Mortality of resprouting chaparral shrubs after a fire and during a record drought: physi-
ological mechanisms and demographic consequences. Glob Chang Biol 20:893-907

Reich PB (2014) The world-wide ‘fast—slow’ plant economics spectrum: a traits manifesto. J Ecol
102:275-301

Salleo S, Trifilo P, Esposito S, Nardini A, Gullo MAL (2009) Starch-to-sugar conversion in wood
parenchyma of field-growing Laurus nobilis plants: a component of the signal pathway for
embolism repair? Funct Plant Biol 36:815-825

Scholz FG, Bucci SJ, Goldstein G, Moreira MZ, Meinzer FC, Domec JC, Villalobos-Vega R,
Franco AC, Miralles-Wilhelm F (2008) Biophysical and life-history determinants of hydraulic
lift in Neotropical savanna trees. Funct Ecol 22:773-786

Scholz FG, Phillips NG, Bucci SJ, Meinzer FC, Goldstein G (2011) Hydraulic capacitance: bio-
physics and functional significance of internal water sources in relation to tree size. In: Meinzer
FCC, Lachenbruch B, Dawson TEE (eds) Size- and age-related changes in tree structure and
function. Springer, Dordrecht, pp 341-361



9 Wood Anatomy and Plant Hydraulics in a Changing Climate 253

Schreiber SG, Hacke UG, Hamann A, Thomas BR (2011) Genetic variation of hydraulic and wood
anatomical traits in hybrid poplar and trembling aspen. New Phytol 190:150-160

Sparks JP, Black RA (1999) Regulation of water loss in populations of Populus trichocarpa: the
role of stomatal control in preventing xylem cavitation. Tree Physiol 19:453—459

Sperry JS, Hacke UG, Pittermann J (2006) Size and function in conifer tracheids and angiosperm
vessels. Am J Bot 93:1490-1500

Sperry JS, Meinzer FC, McCulloh KA (2008) Safety and efficiency conflicts in hydraulic
architecture: scaling from tissues to trees. Plant Cell Environ 31:632-645

Thomas DS, Montagu KD, Conroy JP (2004) Changes in wood density of Eucalyptus camaldulen-
sis due to temperature—the physiological link between water viscosity and wood anatomy. For
Ecol Manage 193(1):157-165

Tyree MT, Sperry JS (1988) Do woody plants operate near the point of catastrophic xylem dys-
function caused by dynamic water stress? Answers from a model. Plant Physiol 88:574-580

Tyree MT, Davis SD, Cochard H (1994) Biophysical perspectives of xylem evolution: is there a
trade-off of hydraulic efficiency for vulnerability to dysfunction? IAWA J 15:335-360

Tyree MT, Zimmermann MH (2002) Xylem structure and the ascent of sap. Springer, Berlin

Urli M, Porté AJ, Cochard H, Guengant Y, Burlett R, Delzon S (2013) Xylem embolism threshold
for catastrophic hydraulic failure in angiosperm trees. Tree Physiol 33:672-683

van Mantgem PJ, Stephenson NL, Byrne JC, Daniels LD, Franklin JF, Fule PZ, Harmon ME,
Larson AJ, Smith JM, Taylor AH, Veblen TT (2009) Widespread increase of tree mortality
rates in the Western United States. Science 323:521-524

Voelker SL, Noirot-Cosson P-E, Stambaugh MC, McMurry ER, Meinzer FC, Lachenbruch B,
Guyette RP (2012) Spring temperature responses of oaks are synchronous with North Atlantic
conditions during the last deglaciation. Ecol Monogr 82:169-187

Way DA (2013) Will rising CO, and temperatures exacerbate the vulnerability of trees to drought?
Tree Physiol 33:775-778

West AG, Hultine KR, Sperry JS, Bush SE, Ehleringer JR (2008) Transpiration and hydraulic
strategies in a Pifion-Juniper woodland. Ecol Appl 18:911-927

Wheeler JK, Huggett BA, Tofte AN, Rockwell FE, Holbrook NM (2013) Cutting xylem under
tension or supersaturated with gas can generate PLC and the appearance of rapid recovery from
embolism. Plant Cell Environ 36:1938-1949

Woodruff D, Bond B, Meinzer F (2004) Does turgor limit growth in tall trees? Plant Cell Environ
27:229-236

Worrall JJ, Egeland L, Eager T, Mask RA, Johnson EW, Kemp PA, Shepperd WD (2008) Rapid
mortality of Populus tremuloides in southwestern Colorado, USA. For Ecol Manage
255:686-696

Wortemann R, Herbette S, Barigah TS, Fumanal B, Alia R, Ducousso A, Gomory D, Roeckel-
Drevet P, Cochard H (2011) Genotypic variability and phenotypic plasticity of cavitation resis-
tance in Fagus sylvatica L. across Europe. Tree Physiol 31:1175-1182

Zanne AE, Westoby M, Falster DS, Ackerly DD, Loarie SR, Arnold SE, Coomes DA (2010)
Angiosperm wood structure: global patterns in vessel anatomy and their relation to wood den-
sity and potential conductivity. Am J Bot 97:207-215



Chapter 10
The Anatomical Determinants of Leaf
Hydraulic Function

Lawren Sack, Christine Scoffoni, Daniel M. Johnson, Thomas N. Buckley,
and Timothy J. Brodribb

1 Introduction

Leaves are enormously diverse in size and shape, and especially in their internal
anatomy, including their venation architecture (Figs. 10.1, 10.2, and 10.3) (Esau
1977, Ellis et al. 2009). Across species, venation systems vary in the branching and
arrangements of leaf major veins, i.e., the first-order vein(s) entering the leaf from
the petiole, and the second- and third-order veins branching off—and the minor
veins, i.e., the 3—5 additional orders of smaller veins embedded within the lamina
and forming a continuous mesh with the major veins (Figs. 10.1 and 10.2).
Additionally, leaf veins vary strongly in their internal anatomy—i.e., that of the
parenchyma, xylem, and phloem inside—and in their external anatomy—including
the parenchymatous and sometimes sclerenchymous bundle sheath (Fig. 10.3).
Leaves are additionally enormously variable in the anatomy of the lamina outside
the veins—i.e., the arrangement and sizes of the spongy and palisade mesophyll
tissues, and sometimes water storage and accessory transport tissues (Fig. 10.3). Of
all the plant lineages, angiosperms evolved the most exceptional diversity across
species in all of these vein and outside-vein anatomical traits, as for the rest of their
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Fig. 10.1 Diversity of leaf
major venation. Chemically
cleared and stained whole
leaves of Arabidopsis
thaliana Col-0 (Brassicaceae,
left) and Viburnum molle
(Adoxaceae, right). Photo
credit: A. thaliana

(M. Caringella)

Fig. 10.2 Diversity of leaf minor venation. Chemically cleared and stained micrographs of
Arabidopsis thaliana Col-0 (Brassicaceae, leftf) and Viburnum molle (Adoxaceae, right). Photo
credit: A. thaliana (M. Caringella)

morphology and physiology (Augusto et al. 2014). The variation across species in
vein and lamina anatomy carries extensive information about the physiological
function, development, evolution, ecology, and paleohistory of leaves (Haberlandt
1914; Roth-Nebelsick et al. 2001; Brodribb et al. 2010; Sack and Scoffoni 2013).
Further, much of the functional importance of the leaf’s anatomy relates to its role



10 The Anatomical Determinants of Leaf Hydraulic Function 257

05cm

Fig. 10.3 Diversity of leaf midrib and lamina anatomy. Transverse cross-sections of Arabidopsis
thaliana Col-0 (Brassicaceae, left) and Viburnum molle (Adoxaceae, right). Photo credit: A. thali-
ana (M. Caringella)

within the plant water transport system. This review focuses on the contribution of
both the vein system and the outside-vein system to the leaf hydraulic conductance
(Kiear) and to Kj,s dynamics with leaf water status.

We focus on hydraulic function because it is a backbone of whole plant physio-
logical performance (Tyree and Zimmermann 2002; Brodribb 2009). When the
stomata open for CO, assimilation, the leaf’s moist internal airspaces are exposed to
the dry outside air, resulting in transpirational water loss. Consequently, if the
hydraulic system did not replace sufficient water, the mesophyll would desiccate
and stomata would close (Sack and Holbrook 2006). The plant hydraulic system
thus imposes a major constraint on the ability of the stomata to remain open to allow
photosynthesis. Indeed, leaves generally evolve and develop with hydraulic and sto-
matal traits matched such that transpiration and photosynthesis can proceed with
sufficient water supply (Sack et al. 2003; Dunbar-Co et al. 2009; Brodribb and
Jordan 2011; Carins Murphy et al. 2012). The hydraulic system can be analyzed
using concepts from electronics or plumbing: the plant is considered as a series of
resistors in series or parallel (also including capacitors in fully elaborated models),
where the efficiency of the system can be summarized with a single ratio: the flow
rate divided by the pressure driving force. Thus, the plant hydraulic conductance
(Kpin) 1s determined as the transpiration rate divided by the water potential gradient
from soil to leaf, and K., as the transpiration rate divided by the water potential
gradient from petiole to evaporation sites within the leaf; in these calculations, the
water potential of the evaporating sites is often approximated for practical purposes
as the bulk leaf water potential. Studies of plant communities around the world have
revealed strong correlations of the hydraulic conductances of organs or whole plants
with gas exchange and photosynthetic rates, and with species’ ecological special-
izations. Indeed, a number of studies have shown close correlations of K., with
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stomatal conductance, transpiration rate, and maximum photosynthetic rates across
diverse species, consistent with the leaf being a major bottleneck in the whole plant
hydraulic system with consequent influence on photosynthetic gas exchange (Sack
et al. 2003; Franks 2006; Sack and Holbrook 2006; Brodribb et al. 2007).

The K, varies by over 65-fold across species (Sack and Holbrook 2006). This
variation is consistent with the nature of K. as a single value summarizing a
complex micro-hydrological system, influenced by both the leaf xylem and outside-
xylem compartments. The xylem compartment relates to the leaf venation, and the
outside-xylem compartment to the flow of water across the xylem parenchyma and
bundle sheath, and then through and/or around mesophyll cells to the site of water
evaporation within the leaf (Sack and Scoffoni 2013). Early work had assumed that
K.t would be mainly limited by the outside-xylem compartment, because it involves
flow across membranes, whereas flow through the venation is via xylem conduits
that are dead and hollow at maturity. However, this understanding has changed.
There is now general recognition of the role of aquaporins in membrane flow,
increasing the permeability of membranes by orders of magnitude relative to that of
a simple phospholipid bilayer, and appreciation that water flows through the leaf
xylem in very narrow vessels and tracheids. Most importantly, measurements have
been made of the low hydraulic conductance in vein xylem (K,), which is typically
of the same order as that outside the xylem, i.e., across the bundle sheath and meso-
phyll (K,,) (Zwieniecki et al. 2002; Sack et al. 2004). Current understanding is that
there is substantial hydraulic resistance both inside and outside the xylem and thus
the anatomy of both the vein system and the outside-vein lamina can influence K,
and scale up to influencing leaf gas exchange and whole plant performance (Sack
and Holbrook 2006).

Hydraulic conductance is not a constant. Indeed, declines of hydraulic conduc-
tance may occur throughout the plant during strong transpiration or especially dur-
ing soil and atmospheric drought. Hydraulic decline is often stronger in leaves than
stems due to more negative water potentials, lower resistance to embolism, and/or
the collapse of mesophyll tissues (Hao et al. 2008; Brodribb 2009; Johnson et al.
2011, 2012a).

Our aim is to review the correlations in the literature of Ky.,; and K,.,; vulnerabil-
ity to dehydration with cell, tissue, and whole leaf structure and composition
(Tables 10.1, 10.2, and 10.3). Our overall thesis is that K,.,; and its vulnerability
depend on multiple traits in concert, at different levels of tissue and organ
construction.

2 Venation Traits

A number of vein traits are causal drivers or correlates across species of K. for
hydrated leaves (Table 10.1). The best supported anatomical correlate of K is the
minor vein length per leaf area (minor VLA), or the total vein length per area (VLA,
also known as “vein density”), which are themselves tightly correlated because
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Table 10.2 Bundle sheath and bundle sheath extension traits that contribute to leaf hydraulic
conductance in hydrated leaves at full irradiance (K,,,) and/or influence leaf hydraulic vulnerability

Kinax

Kie.r vulnerability

Bundle Correlates with K., across ontogenetically Hypothesized to act
sheath different leaves of Ginkgo biloba (Leigh et al. 2011) in cavitation repair
cell size in the xylem in C;
and
C, grasses (Griffiths
et al. 2013)
Bundle Correlates with K., across ontogenetically different
sheath leaves of Ginkgo biloba (Leigh et al. 2011) and
extensions across Acacia species (Sommerville et al. 2012)
length and A tomato mutant with reduced BSEs had lower
volume Kiear (ZsOgon et al. 2015)
per area Correlates with the response of K., to irradiance
across diverse species (Scoffoni et al. 2008)
Correlates with the water delivery to the epidermis
which can damp responses of Kj.,; and gas exchange
to vapor pressure deficit (Buckley et al. 2011)
Bundle ABA signaling and aquaporin activation/deactivation Aquaporins in BS
sheath in the bundle sheath control Ki.,; (Lee et al. 2008, and xylem
permeability 2009; Ache et al. 2010; Shatil-Cohen et al. 2011; parenchyma may

Flexas et al. 2013; Griffiths et al. 2013; Pantin et al.
2013; Prado et al. 2013; Prado and Maurel 2013;
Sack and Scoffoni 2013; Secchi and

Zwieniecki 2013; Chaumont and Tyerman 2014)

play a role in xylem
refilling in leaves
and stems (Laur

and Hacke 2014a, b)

minor veins make up the bulk of leaf veins length (Sack and Frole 2006; Brodribb
etal. 2007). Across vascular plants, early branching clades such as ferns exhibit low
VLA and K., compared with later groups such as angiosperms (Boyce et al. 2009).
Even among angiosperms there has been a tendency for VLA and K, to increase
over time (Brodribb and Feild 2010). These strong trends found across large clades
are often weaker among specific groups such as the eudicots, suggesting that other
factors are also important in determining K., (McKown et al. 2010; Scoffoni et al.
2011; Sack et al. 2013; Sack and Scoffoni 2013). Notably, many traits influence
K., as explored throughout this chapter, and thus in certain species sets K., may
be weakly related or uncorrelated with any given trait in certain lineages or species
sets due to a greater variation in other key traits. Additional vein traits that influence
the maximum value of K..; (K., Which occurs at high water potential and high
irradiance) include larger xylem conduit numbers and sizes, higher major vein
length per area, vein topology with greater reticulation, and a greater number of free
ending veins per area (Table 10.1).

Leaf hydraulic vulnerability also depends on vein traits (Table 10.1). Leaf
dehydration may lead to embolism in the vein xylem, leading to decline of K, in
combination with declines in K, that could arise due to tissue shrinkage (see follow-
ing section). The question of whether embolism occurs in all orders of leaf veins
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Table 10.3 Leaf lamina mesophyll anatomy traits that contribute to leaf hydraulic conductance in
hydrated leaves at full irradiance (K,,,) and/or influence leaf hydraulic vulnerability

Kax K.,s vulnerability
Spongy mesophyll: Hypothesized to contribute to
palisade mesophyll Kie.r; negatively correlated with
thickness ratio vein length per area and
(or spongy positively correlated with K.,
mesophyll +epidermis: | across diverse angiosperms
palisade mesophyll (Wylie 1946; Sack and Frole

thickness ratio)

2006)

Leaf mesophyll Correlated with K., across Tissue shrinkage may contribute

thickness species (Aasamaa et al. 2001; to Ky, decline, and thus leaves
Sack et al. 2003; Sack with higher elastic modulus
and Frole 2006) and for sun vs. might be more resistant to
shade leaves within canopies hydraulic decline (Charra-
(Sack et al. 2003; Brodribb and Vaskou et al. 2012; Scoffoni
Jordan 2011) et al. 2014)

Accessory Accessory transport elements Accessory transport elements

transport elements

may contribute to K., in
cycads, conifers, and
angiosperms (Esau 1977;
Brodribb et al. 2007, 2010,
Sack and Scoffoni 2013)

might act as water storage to
buffer cell water potentials from
transiently high transpiration
rates (Takeda 1913)

Collapse of transfusion tracheids

in conifers is associated with
Ki..r decline in dehydrating
leaves (Brodribb and Holbrook
2005; Zhang et al. 2014)

remains open, but both cavitation and collapse appear to be greater in conduits with
larger lumens, and thus the major vein xylem may be more likely to embolize than
collapse because it contains the widest vessels in the leaf, and because it is more
mechanically reinforced (Blackman et al. 2010; Sack and Scoffoni 2013). Studies
reporting embolism-induced reductions in K., have found support for cavitation
events occurring in leaf petioles or midribs using a range of hydraulic measure-
ments and visualization approaches, and for collapse of tracheids in some pine
species (Nardini et al. 2001; Bucci et al. 2003; Cochard et al. 2004; Johnson et al.
2009, 2012b; Charra-Vaskou et al. 2012). Similarly, K,.,; vulnerability may be lower
for species with narrower xylem conduits in the midrib and/or minor veins, if these
embolize or collapse at a lower leaf water status. Two studies of angiosperms found
that species having smaller leaf midrib conduits were more resistant to embolism
(Johnson et al. 2009; Nardini et al. 2012). Further, across four species of pines, the
two species with smaller diameter leaf vein tracheids had much more negative con-
duit collapse pressures than did the two species with larger tracheid diameters
(Cochard et al. 2004). Additionally, along a height gradient in Douglas fir, the
hydraulic vulnerability of leafy shoots was lower for shoots with needles with nar-
rower xylem conduits, fewer tracheids per cross-sectional leaf area, and fewer pits per
tracheid (Woodruff et al. 2008). In dicotyledons, narrower conduits in minor veins
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may be protected during collapse under strong xylem tensions arising during
drought. Thus, leaf minor vein conduit cell wall thickness to lumen breadth ratio
([#/b]%) was positively related to leaf hydraulic vulnerability for 20 angiosperm spe-
cies (Blackman et al. 2010), and positively correlated with moisture availability in
67 species from the Proteaceae (Jordan et al. 2013).

Higher leaf major vein length per area may also confer resistance to hydraulic
dysfunction. Indeed, small leaves from drier habitats tend to have higher leaf major
VLA, which would provide a greater level of drought tolerance. Thus, in studies of
ten species from diverse angiosperm families (Scoffoni et al. 2011), and six angio-
sperm species (three Acer sand three Quercus species) (Nardini et al. 2012) and four
Coffea arabica varieties, a greater resistance to leaf hydraulic dysfunction corre-
lated with higher major VLA (Nardini et al. 2014).

Additionally, the topology of the vein system (i.e., arrangement of veins) may
confer resistance to hydraulic decline. Greater vein connectivity should render the
system relatively tolerant to the effects of embolism if it can route water around
blockages through highly conductive veins (Sack et al. 2008; Corson 2010; Katifori
et al. 2010; Scoffoni et al. 2011).

3 Bundle Sheath and Bundle Sheath Extension Traits

The tissues immediately surrounding the veins provide a hydraulic interface with
the mesophyll and can strongly influence Ki.,; (Table 10.2). The bundle sheath (BS)
is a cylinder of parenchyma cells that surround the vascular tissues in the leaf vein
(Esau 1977) and as such is the tissue that water must move through between xylem
and the mesophyll. Classically, researchers expected the BS and bundle sheath
extensions (BSE), a tissue composed of parenchyma and sometimes sclerenchyma
that in many species extends between the veins and epidermis, to influence water
transport in the leaf (Wylie 1952; Canny 1990a). Indeed, recent research shows that
these features influence K., and its dynamics in relation to light and water supply
(Scoffoni et al. 2008; Buckley et al. 2011). In some species, the BS has suberized
layers in its anticlinal walls, analogous to the Casparian strip in root endodermis,
which could greatly reduce the conductivity of the BS by preventing extracellular
water transport (Lersten 1997). A Casparian strip in the BS is consistent with accu-
mulation of tracers at the proximal margins of BS cells (Canny 1990b), and with
genes being expressed during development of the leaf BS in common with the root
endodermis (Slewinski et al. 2012), but the distribution of a BS Casparian strip
across species is largely unknown. Indeed, BS cells might act on controlling the
import and export of water just as they are used for loading phloem cells (Ache et al.
2010; Nardini et al. 2010), and thus prevent water loss and solute leakage from the
veins (O’Brien and Carr 1970; Canny 1990a; Mertz and Brutnell 2014). This is
consistent with growing evidence that the BS is a central “control point” for inte-
grating whole leaf function (Flexas et al. 2013; Griffiths et al. 2013; Sack and
Scoffoni 2013).
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If flow across the BS is predominantly across the plasma membrane, then aqua-
porin function probably determines its contribution to K, (Shatil-Cohen et al.
2011; Moshelion et al. 2015). Consequently, recent work has implied that the BS is
a major influence on the outside component of K., i.e., K, and thus on K., itself
(Buckley et al., unpublished data). Indeed, Arabidopsis and Populus mutants in
which aquaporins are disrupted in the BS and vein parenchyma show diminished
Ko (Prado et al. 2013; Prado and Maurel 2013; Secchi and Zwieniecki 2013;
Chaumont and Tyerman 2014). Aquaporins present in BS cells, phloem cells, and
transfusion parenchyma may facilitate radial water flow in Picea glauca needles
(Laur and Hacke 2014a). Additionally, in Arabidopsis, abscisic acid (ABA) influ-
ences K., via the BS (Shatil-Cohen et al. 2011; Pantin et al. 2013). In maize, a
reduction of turgor in the midrib BS reduced K., (Kim and Steudle 2007). The BS
may also influence the distribution of water from veins across the lamina; BS cell
permeability was higher in minor than major veins in tobacco (Lee et al. 2009).

The BS and vein internal parenchyma may also control K,.,; dynamics in response
to the leaf’s external environment and internal water status (Table 10.2). Thus, in
Arabidopsis, whole rosette hydraulic conductance declined under high irradiance,
and was correlated with the permeability of BS and vein parenchyma cells, but not
with that of mesophyll cells (Prado et al. 2013). Notably, however, the BS cell per-
meability would have a complex relationship with K., for given species, given that
it may increase with aquaporin activity but decline with reduced turgor. Thus, Ki.,
increased under higher irradiance for fig leaf gourd and tobacco, though BS cell
permeability declined, as the cells lost turgor with the higher transpiration, due to
potassium efflux and reduced aquaporin activity (Lee et al. 2008, 2009).

Bundle sheath cells and vein parenchyma cells have been hypothesized to play a
major role in xylem cavitation repair, through the same process as root exudation
(Nardini et al. 2008; Laur and Hacke 2014b). A correlation of BS size with low
precipitation and aridity index across both C; and C, grasses supported the inference
of a possible role for cavitation repair, and indeed, that selection on BS cell size
could enable C, Kranz anatomy evolution (Griffiths et al. 2013). Foliar uptake and
aquaporins in BS might even play a role in stem xylem refilling in Picea glauca
(Laur and Hacke 2014a).

BSEs are more frequent in sun-adapted species, and in exposed leaves within
canopies (Kenzo et al. 2007; Sack and Scoffoni 2013), consistent with a role in facil-
itating greater transpiration and photosynthetic rates under high irradiance. Indeed,
BSEs apparently enhance K., by providing a larger surface area for water move-
ment between xylem and the epidermis or mesophyll and/or for water to evaporate
into the intercellular spaces (Sheriff and Meidner 1974; Zwieniecki et al. 2007; Ye
et al. 2008). After the water is delivered to the epidermis via the BSEs, conduction
may be more efficient from the epidermis to the mesophyll than through the meso-
phyll (Wylie 1943; Sheriff and Meidner 1974). Thus, dye experiments with lead
showed water is transported to the epidermis via the apoplast of BSEs in Tradescantia
virginiana (Byott and Sheriff 1976). Acacia phyllodes with more BSEs had higher
Kiear (Sommerville et al. 2012), and in Ginkgo biloba, long shoot leaves have higher
Ky than short shoot leaves, corresponding with their having larger BSEs
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(Leigh et al. 2011). Further, a tomato mutant with reduced BSEs had lower K.,
(Zsogon et al. 2015). Additionally, BS and/or BSEs may influence the dynamics of
Ko to light and VPD. Thus, species with BSEs tend to more frequently show K.,
responses to irradiance (Scoffoni et al. 2008). Species with BSEs may maintain an
especially close hydraulic connection between epidermis and vascular tissues. In
these species, stomatal closure may be more closely connected with bulk leaf water
potential, whereas, in leaves without BSEs where epidermis is thus isolated from the
veins, stomatal dynamics may be expected to be less influenced by bulk leaf turgor
loss. Consequently, species with BSEs also tend to have faster responses of stomatal
conductance to changes in water supply and demand, but more so for supply
(Buckley et al. 2011), which is consistent with enhancement of Ky.,c by BSEs.

4 Mesophyll Traits

The tissues outside the vein xylem are an important component of the leaf hydraulic
system and thus can strongly influence K,.,; (Table 10.3). Once water passes the BS, it
flows as a liquid and/or as vapor through or around mesophyll and epidermal cells to
the terminal evaporation sites. While the terminal sites are still not known, classical
observations and recent modeling shows that water may evaporate deep within the
leaf or near the stomata and travel as vapor through the leaf, and this may depend on
the leaf anatomy and also on the leaf’s environment (Sheriff 1977; Boyer 1985;
Rockwell et al. 2014; Buckley 2015; Scoffoni 2015). Modeling suggests that the bulk
of water transport in leaves is in the liquid phase, but that leaves with low tissue den-
sity may have significant vapor phase transport of water under conditions of high
irradiance when heat is absorbed by chlorophyllous mesophyll layers (Rockwell et al.
2014; Buckley 2015). The degree that mesophyll anatomy will influence K, depends
on its resistance relative to that of the BS and in fact the sites of evaporation may be
dictated by the resistances of different pathways through the tissues (Buckley 2015).

Whether the anatomy of the mesophyll is a large influence on K|, and therefore
K.t 1s a subject for current debate. The thickness of the mesophyll layer between the
veins and the stomata (“vein—epidermal distance”; VED) has been proposed to neg-
atively influence K,.,; (Brodribb et al. 2007), as a potential determinant of the flow
path between veins and the sites of evaporation (referred to as the “mesophyll-
distance” for flow outside the xylem, D,,). A physical model supported that idea, and
the corollary that VLA and VED should be negatively correlated across species, as
expected if they were colimiting to K,.,; (Noblin et al. 2008; Zwieniecki and Boyce
2014). However, that idea presumes that the bulk of water outside the xylem is trans-
ported across the mesophyll to the substomatal cavity before evaporation, but others
have suggested that much water may evaporate near the BS. Which scenario is most
accurate may vary with species’ leaf anatomy, leaf water status, and ambient envi-
ronment (Sack et al. 2013). Indeed, several studies have reported positive rather than
negative correlations of Kj.,; with leaf thickness and/or with spongy/palisade ratio
(Aasamaa et al. 2001; Sack et al. 2003; Sack and Frole 2006), and leaves adapted or
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acclimated to high irradiance generally tend to be thicker and yet tend to have a
higher K., than accounted for by simply a higher VLA (Brodribb and Jordan 2011).
These facts would suggest that the VED might impose little constraint on K., per
se, or indeed, that outside xylem flow efficiency may in some cases be increased by
parallel horizontal layers. Indeed, the classical expectation was that water transport
through the spongy mesophyll and epidermis is effective (Wylie 1939, 1946). There
is a general trend across species for low VLA to correlate with a high ratio of the
thickness of spongy mesophyll (and/or the thickness of spongy-mesophyll-plus-
epidermis) to the thickness of palisade mesophyll, and this was interpreted as show-
ing that a greater K, would be conferred by a thicker spongy mesophyll to
compensate for larger flow distances outside the vein in leaves with lower VLA
(Wylie 1946). A recent theoretical analysis also found that mesophyll cell porosity
and connectivity were key parameters influencing Ki..; (Buckley 2015). Under high
irradiance, when vapor phase transport driven by vertical temperature gradients is
important, the greater tissue porosity of spongy mesophyll may contribute even
more strongly to a high K,.,;. Because temperature is predicted to peak within the
palisade mesophyll, temperature gradients are probably greater across the lower half
of the leaf, thus increasing the spongy mesophyll’s potential to contribute to the
vapor phase component of K.,;. The role of outside-xylem anatomy in determining
K,.,s remains an important focus for future modeling and experimental work.

Mesophyll anatomy may also have an influence on K, vulnerability (Table 10.3).
The degree of mesophyll shrinkage during leaf dehydration correlates with hydrau-
lic declines (Charra-Vaskou et al. 2012; Scoffoni et al. 2014). The resulting declines
in K, could be due to reduced cell surface area for evaporation, severed cell—cell
connections and thus fewer water flow pathways, and/or to lower aquaporin activity.
Potentially, a higher modulus of elasticity, conferred by a thicker or denser cell wall
relative to the size of the cell lumens, may thus confer tolerance to hydraulic decline
by reducing cell volumetric shrinkage (Scoffoni et al. 2014).

Many species have “accessory transport or storage” tissues within their BS or
lamina mesophyll tissues (Brodribb et al. 2010). Such additional transport cells in
leaves can be observed as sclerified cells that can be isolated in the mesophyll or con-
nect to the leaf veins branching out into areoles. Indeed, transfusion tracheids are
present in all gymnosperm leaves (Hu and Yao 1981) and have long been thought to
serve as either sites for water storage (Takeda 1913) or for transport of water and
solutes between the mesophyll and the vascular tissue inside leaf veins (Esau 1977).
Species with such tissues appear to have higher K,.; than would be expected simply
from their VLA (Brodribb et al. 2007), indicating a potential shortening of flow path-
ways, or additional evaporative surface (Tomlinson and Fisher 2005; Brodribb et al.
2007, 2010; Sack and Scoffoni 2013; Zhang et al. 2014). Transfusion tracheids col-
lapse during leaf dehydration in Podocarpus (Brodribb and Holbrook 2005) and in
Taxus (Zhang et al. 2014), associated with dehydration-induced declines in K, and
may recover with rehydration (Zhang et al. 2014). However, a study of two Pinus
species (Johnson et al. 2009) found that transfusion tracheids did not collapse during
dehydration but did empty at water potentials less negative than would cause loss of
K.or. The role of transfusion tracheids in leaf hydraulic vulnerability is still unclear.
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5 Relationship with Photosynthetic Anatomy
and Coordinated Development

Anatomical traits may be correlated with K., across species for several distinct
reasons (Sack et al. 2013; Sack and Scoffoni 2013). Correlations may arise due to a
mechanistic causality, to a common developmental mechanism, to coselection dur-
ing evolution across environments, and/or to a common plastic trajectory during
growth in given environments (Brodribb et al. 2013; John et al. 2013; Sack et al.
2013). The specific type of correlation among traits may vary across species sets,
and elucidating the basis for these correlations is essential both to understand their
functional significance and also their generality and predictiveness.

Many of the correlations described above and in Tables 10.1, 10.2, and 10.3 are
mechanistic, i.e., they arise because given traits contribute directly to the flow effi-
ciency through the leaf. However, coselection of traits that are not directly linked in
hydraulic function, for overall optimality in adaptation to environment is equally
common. The leaf hydraulic conductance is not an isolated system, but rather fully
integrated within the leaf gas exchange system. Thus, additional correlations are
frequently observed between hydraulic traits and traits related to gas exchange at
the leaf and plant scales. Thus, for example, stomatal density and pore area are also
often correlated across species with maximum K., Which arises at least in part due
to coordination between VLA and stomatal density (Aasamaa et al. 2001; Sack
et al. 2003, 2005; Dunbar-Co et al. 2009; Feild et al. 2011; Carins Murphy et al.
2012, 2014; Zhang et al. 2012). While stomatal density does not directly influence
VLA or K, selection for rapid gas exchange should act to increase all three traits.
Further, much of the anatomy relevant to K,.,; also influences mesophyll control of
CO, assimilation. For example, the conductance between the sites of evaporation
and the sites of carboxylation, or “mesophyll conductance” (g,) correlates across
species with K.+ (Flexas et al. 2013). This link may arise due to shared dependence
of K, and/or g, on mesophyll surface area, and on a shared role of aquaporins in
both H,O and CO, transport.

Indeed, many anatomical traits show coordinated development, which provides
a direct and effective route for selection to optimize a species’ function. In particu-
lar, some anatomical features that are important for hydraulic function and gas
exchange depend on cell or leaf size, and thus they develop in a coordinated way
(Brodribb et al. 2013; John et al. 2013). For example, smaller leaves have higher
major VLA, which will tend to confer lower K., vulnerability, and if the smaller
leaves under consideration are formed from smaller cells, as is true in certain cases,
then they will also tend to have higher minor VLA and higher stomatal density,
which will confer higher K., and higher potential gas exchange rates. In such cases,
development is a means to coordinate all traits to match function.
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6 Conclusions

Many traits within and outside the xylem contribute to leaf hydraulic conductance
and its dynamics in response to water stress. For over 100 years, these questions
have been recognized as essential for understanding the limits of plant performance.
Computer modeling, focused experiments, and new visualization technologies will
continue to reveal the anatomical underpinnings of K at higher resolution.
However, fundamental biophysical questions that impact strongly on K, still
remain unanswered by experiment, including the hydraulic conductivity of cell
walls to long distance transport and the osmotic water permeabilities of mesophyll
and epidermal cells. Models are especially needed that allow the effects of individ-
ual anatomical traits on K., to be examined both in isolation from one another and
in concert. Experiments that “tweak” individual features are needed on model plants
such as Arabidopsis and poplar. Additionally, further comparisions are needed
within and among lineages with strong variation in anatomical features. Using all
these approaches in combination will result in a full appreciation of the functional
consequences of the great variation in leaf hydraulic anatomy, with certain benefits
for predictive ecology and for optimal crop design.
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161, 162
diameter stems, trees and shrubs, 163
foliar absorption, 180
genus Bauhinia, growth forms, 161, 162
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global distribution, 179-180
grapevines, 163
hormonal mechanisms, 173-174
host trees, 161
hydraulics of stems, 163, 180
leaves, 166
narrow vessels and tracheids
Bauhinias
B. fassoglensis and B. blakeana, 172, 173
conductive imperforate tracheary
elements, 172
Gouania lupuloides stem, 171-172
tissue allocations, 172
root systems and pressures
gravity gradient, 166
large trees, 164
mechanical loading and rooting depths,
164-165
osmotic water uptake, 165
report, 165-166
self-supporting plants, 164
starch, 166
vessel diameter, 165
vs. stem vessel diameters, 165
xylem sap vs. soil water, 165
sampling vessels in long stems, 176-177
self-supporting and climbing habits
biomass, 174
Ks and lower Huber values, 174
mechanical perturbation, 174
ordinal distribution, 174, 175
packing limit, 178, 197
plastic variation, 174
scrambler mode, 174
space trade-off, 178
“thigmotrophic” responses, 174
Toxicodendron diversilobum, 174
vessel densities, 178
water storing trees, 176
stem length and vessel diameter
conduit, 170
hydraulics, 170
pith, 170
relationship, 170-171, 179
stem xylem conductivity (see Xylem
specific conductivity, lianas)
xylem dysfunction, 177
Libriform fibers, 194-198, 200
Lignin
hydraulic failure, 118
role, 117-118
LSC. See Leaf-specific conductivity (LSC)
Lycophyte, 4
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M
Margo. See Torus—margo pits
Mechanical parasite. See Lianas as structural
parasite
Mesophyll traits
anatomy, 262, 263
cell porosity and connectivity, 263
leaf hydraulic conductance in hydrated
leaves, 259, 262
shrinkage, 263
temperature gradients, 263
transfusion tracheids, 263
vapor phase transport, 262, 263
VED, 262-263
VLA, 262-263
water transport in leaves, 262, 263
Morphospace, 14

N
Needle hydraulics
AQP, 58
in conifers, 56
Picea abies, 58
Picea glauca, 57
pine needle, 56
Taxus baccata, 57
Netural invertase (NI), 218, 219
Nonstructural carbohydrates (NSC)
axial and ray parenchyma,
210-211
sapwood (see Sapwood NSC)
seasonal variation in, 215-217
tree species, variation
conifer wood, 211
iodine test, 212, 213
sapwood NSC, 212
starch distribution in wood parenchyma
cells, 212-213
woody organs, variation
above-ground xylem
biomass, 214
below-ground storage pool, 214
branch wood, 213
cambial growth, 214
coarse roots, 214
parenchyma metabolism, 214
radiocarbon dating, 214
starch grains distribution,
214-215
stem diameter, 214
tropical tree, 214
trunk wood, 213-214
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(0}
Oleaceae, dicotyledons
anatomy and ontogeny
description, 7677
torus pad formation, 77, 80
tracheary element, 81
function and response to environment, 94
Osmanthus
and Cercocarpus, 83
intervascular pit, 80
margo, 86
pit membrane, 77
shrubs and trees, 94
torus ontogeny, 76
torus structure, 79-80

P
Palmer Drought Severity Index (PDSI), 235
Parenchyma, axial and radial
storage, NSC (see Nonstructural
carbohydrates (NSC))
wood
cambial zone, 207
classification, 209-210
conifers, characteristic, 208, 209
diversity, 207-209
heterocellular, 207
homocellular, 207
ribbon-like aggregates of cells, 207
xylem rays classification, 207
Phenotypic plasticity, 54-56, 114-117, 244
cavitation, 55-56
CO, concentrations, 117
genetic diversity, 55
light availability, 115
nitrogen availability, 115, 116
Pinus canariensis, 55
salt stress, 116-117
vascular growth, 114
water availability, 114
wood structure and function, 56
Pifon-juniper woodlands, 62
Pinus
cembra, 38
Pinus mugo, 38
PIPs. See Plasma membrane intrinsic
proteins (PIPs)
Pit aspiration, 45
Pit membrane
cavitation resistance, 24
dicot species, 78
homogenous, 8
pteridophyte, 8
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torus—margo pit membrane, 8
Pits
conduit-parenchyma pit membranes, 221
parenchyma-parenchyma pit pairs, 221
ray parenchyma cells, 219-220
Plant physiology, sapwood NSC, 223-226
Plasma membrane intrinsic proteins (PIPs), 118
Plasmodesmata, 84
Plasticity
phenotypic (see Phenotypic plasticity)
wood anatomy and plant hydraulics, 243-245
Poikilohydry, 1, 22
Polyploidy
diploid species and triploid hybrids, 23-24
in ferns, 23
and introgression, 22-23
Populus
AQPs (see Aquaporins (AQPs))
aspen genotypes, 101-102
description, 101
earlywood vessels, hybrid poplar, 103, 105
fiber structure, xylem, 102-103
hybrid poplar, 102, 103
mean vessel diameters measurement, 103, 104
ray parenchyma, 105
transport (see Transport)
wood, 102
xylem cross section, 103, 104
Pteridophytes
hydraulic efficiency, ferns and lycophytes
(see Hydraulic efficiency)
morphospace, 14

Q

Quercus macrocarpa tree, 243

R

Radiocarbon dating, 214

Rooting depth, 123, 164, 189, 243

Root-to-leaf-area ratios, 243

Root water uptake, 121, 122

Rosaceae, dicotyledons
anatomy and ontogeny, 83, 84
environment, function and response, 95-96

S
SAD. See Sudden aspen decline (SAD)
Salt stress, 116-117
Sapwood NSC
plant physiology
cambium and bud phenology, 225
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carbohydrate storage, 223

development and stress mitigation,
224,226

drought-induced embolism, 225

freeze-thaw cycles, 224-225

heartwood formation, 226

ray and axial parenchyma, 226

spring, 225

starch and soluble sugars, functions,
223,224

summer, 225

turgor pressure, 225-226

in winter, 226

soluble sugars (see Soluble sugars)
starch mobilization, 217-219
Schisandraceae, 83
Secondary xylem vessel development
grapevine

active and inactive vessels, 139-140
classes, 138

dyed stems, 138

ends of shoot segments, 137-138

glenora and chardonnay, Vitis vinifera,

134-136
hydraulic functions, 139
large shoot, 137
location, 138
observations, 138
production, 139
shoot expansion, 133
staining patterns, 135, 136
transport sap, 139
vessel elements, 138-139
vessel lifespan classes, 135, 137

woody plant

meristematic cells, 133

vessel elements, 132-133

vessels, development and maturation,
133-134

water transport, 132

Seed-free vascular plants
description, 1-2
dictyostele, 5
fossil record

cladoxylopsids, 11

fern xylem, 13
secondary xylem, 11-12
xylem, land plants, 9-10

lycophytes and ferns, 2, 3
stem and rhizome stelar patterns, 2-3
vascular arrangements, 5-6

Soluble sugars. See also Sucrose
concentration, 215, 216
fraction, dry season, 215
metabolism, 217-219
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plethora, mono-and oligosaccharides, 211
translocation
AGPs, 221
amorphous/protective layer, 221
efflux, 222
exchange of carbohydrates, 221
H*-ATPases, 222-223
hexose transporters, 222
molecular mechanisms, 222
myosin, 221
plasmodesmata, 221
Quercus robur, 220-221
ray parenchyma cells, 219-220
sap sugars, 222
starch deposition, 221
sucrose transporter, 222
Starch
deposition, 221
distribution, wood parenchyma cells, 212-213
grains distribution, 214
mobilization, 217-219
reserves, 214
and soluble sugars (see Soluble sugars)
storage capacity in lianas roots, 166
Stele
Phlegmariurus squarrosus, 4
root, 166
and vascular patterns, 2
Stomata
behavior, 112
humidity plants, 113
P. balsamifera trees, 112
poplar species, 112
Storage of NSC, wood parenchyma, 210-211
Structural parasite. See Lianas as structural
parasite
Sucrose
metabolism, 219
synthesis, 218-219
transporter, 222
xylem sap saccharide, 222
Sucrose-6-phosphate-synthase (SPS), 218, 219
Sucrose-synthase (SuSy), 218, 219
Sudden aspen decline (SAD), 111-112

T
Thymelaeaceae, dicotyledons

anatomy and ontogeny, 82

function and response to environment, 95
Timberline trees, 39, 58
Tonoplast intrinsic proteins (TIPs), 118
Torus—margo pits

bordered pit, 7677

dicotyledons (see Dicotyledons)
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Torus—margo pits (cont.) limits connectivity, 201
tracheary elements, 76 location, 194
Tracheid(s) Quercus crispula, 199
conifers resistant xylem, 197
aquaporin gene, 42, 43 Vein density, 19, 256
conductive pits, 43—-44 Vein-epidermal distance (VED), 262-263
conduit diameters, 42—44 Venation traits
diameters, 41 cavitation, 259
fern, 41 embolism, 258-259
length, 41 leaf hydraulic conductance, hydrated
and libriform fibers, 40 leaves, 256257
Widdringtonia cedarbergensis, 40 leaf hydraulic vulnerability, 258
wood, volume, 42 leaf midrib, 259
xylem parenchyma, 42 minor VLA/VLA, 256, 258-260
diameters, 21 topology, vein system, 260
fern stipe, 17 vascular plants, 258
fossils, 11 vein density, 256
scalariform arrangement, 8 Vessel length, lianas, 167, 169
vascular system, 15 Vulnerability
vasicentric (see Vasicentric tracheids) cavitation curves, 116, 145
xylem content, 11 dehydration, 151
Transfusion tracheids, 57, 263 to drought, 243, 245
Transport leaf hydraulic vulnerability, 258-260
carbohydrates, 221 and pit structure, 48-51
and enzymes, 218 shaded plants, 115
hydraulic conductivity, 105-106 tissue and organ construction, 256
LSC (see Leat-specific conductivity (LSC)) xylem, 152-154, 239, 241
safety
cavitation resistance, 110
riparian cottonwoods, 110-111 W
SAD, 111-112 Walnut, 222
sucrose, 222 Water transport
vessel diameter, 106, 108 conduits, 19
xylem-specific conductivity, 106-107 ferns and lycophytes, 3
Tree mortality, 112, 234 fern tracheids, 7

hydraulic resistance, 21
phloem function, 7

U Wood
Ulmaceae/Cannabaceae, dicotyledons axial and ray parenchyma
anatomy and ontogeny, 83, 85 angiosperms, 210
function and response to environment, 96 gymnosperms, 210

storage, NSC, 210-211
structure, 207-210

v volumetric content, 210
Vascular function, chaparral shrubs. carbohydrate pool, 211
See Chaparral shrubs Wood anatomy and plant hydraulics
Vasicentric tracheids anthropogenic climate change, 234
abundance of, 196, 199 biophysical properties, 234236
chaparral species, 194 climate-induced forest die-off, 234, 236
connections between vessels, 195 climatic stresses, 234
efficient xylem, 197, 198 drought stress, 234
fiber-tracheids and libriform fibers, 193 global temperatures, 234

imperforate, 194 hydraulic architecture, 233
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hydraulic system, 233
mean soil-moisture content, 234, 235
physiology and global change drivers,
241-243
plasticity, 243-245
regional-scale massive die-offs, 234
root-rhizosphere interface in stomatal
pores, 234
sc_PDSI_pm, 234, 235
tall conifers, 236238
terrestrial ecosystems, 233
trade-offs, physiology
branch leaf-specific conductivity,
238, 240
capacitance and xylem pressure,
238,239
characterization, 241
conifers, 241
positive and negative correlation, 239
safety margins, 239, 241
stem Ps,, 241
trunk-to-branch tapering of vessels,
238, 240
whole-plant leaf-specific conductance,
238, 240
xylem parenchyma volume, 241
xylem safety vs. efficiency, 238
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vascular transport, 233
water-air interface in stomatal pores, 234
Wood formation, 119-120

X

Xeromorphy, 91, 94

Xylem analysis, Chaparral shrubs.

See Chaparral shrubs

Xylem and phloem ultrastructure
conduit, 8
function, 7
tracheids, 8-9

Xylem specific conductivity, lianas
angiosperms and gymnosperms, 169
conifers, 169
fibers, 169-170
K, LSC and Huber values, 169
mechanical function of tracheids, 169
mechanical requirements, 166—167
meta-analysis, long vessels, 167
Poiseuille’s Law, 167
transport parameters, 167, 168
vessel length and diameter, 167, 169

Xylem transport, 167, 168

Xylem vessels, lianas. See Lianas as structural

parasite
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