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Introduction to Second Edition

Martin Zimmermann wrote the first edition of this book shortly before his death
in March 1984. His writing inspired an entire generation of new research and it is
with great pleasure that I have accepted the invitation of the publisher to update
and expand the original text.

In the first edition of this book, Martin Zimmermann used the old dimensions
of atmosphere and bar throughout the text. Even then, most of his colleagues were
using the SI unit Pascal, which is the force exerted by 1 kg mass, at an acceleration
of 1 m/s* (=1 Newton) per m? surface. Martin gave a final appeal for retaining the
old units, but they are used now only by the ‘old-timers’, such as I, so in this edi-
tion I have adopted SI units.

I have managed to retain a remarkably large proportion of Martin’s original
writing. Martin slipped into first person narrative occasionally when he wanted to
present a personal opinion. In some instances, I thought these to be particularly
insightful ideas, some ahead of his time. I have preserved these insights by
rewording the sentences to the third person with words such as ‘Martin thought’,
thus leaving the occasional first person wording to express my own opinion in
Chapters 3 through 6. In Chapters 7 through 9, Martin was drawn into speculation
on a grand scale. So the reader should know that the use of ‘I’ refers to Martin and
that I agree with him in the vast majority of cases.

In a very few instances, Martin presented facts or ideas that I think were mis-
taken. These, I have taken the liberty of deleting, since I could not ask him what
his current thoughts are. The instances I can remember are: (1) On p. 43 of the
original edition where Martin suggested that cavitations detected acoustically by
Milburn and Johnson (1966) occurred at water potentials of -5 to ~10 MPa, which
seems unlikely. (2) On p. 64 where it is suggested that dyes or tracers can reveal
information on peak velocities in the center of vessels, because it had been shown
some decades before (Taylor 1953) that tracers move at the average velocity of
laminar flow because of lateral diffusion in small diameter tubes. (3) On pp. 96-97
where it is suggested that tracheids are filled with air that is largely ‘water-vapor
space’ and ‘..[its] quantitative composition may differ very considerably from
atmospheric air’. The wording of these pages suggests that Martin thought tra-
cheids could be permanently filled with water vapor mixed with very little air.
Martin did not specify what he thought the composition might be, so I have added
words to explain what I think he would accept today. (4) On p. 114, where Martin
discusses the difficulty of showing when pathogens have embolized vessels and he
writes: ‘If we now cut the stem and put the plant into a dye solution, the vapor-
blocked vessels will refill as soon as the cut end of the shoot is brought into con-
tact with the dye solution, which is at atmospheric pressure. ... If we remove a
piece of stem and make conductance measurements, the same thing happens: in
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contact with water at atmospheric pressure the xylem refills and conductance is
back to normal’. It almost appears from this and his statements on pp. 96-97 that
Martin did not think embolized vessels fill with air but instead remain filled only
with water vapor and hence were permanently at subatmospheric pressure. How-
ever, reading his Chapter 3 you get quite a different impression. Martin was suffer-
ing from a fatal brain tumor while writing this book and one wonders if his mem-
ory was playing tricks on him when writing the final chapters. I have taken the
liberty of rewriting passages to reflect what he might have believed if he had lived
to see the literature from 1983 to 2001.

I have never published a paper contributing to our understanding of woody
plant anatomy, but I have frequently referred to Martin Zimmermann’s writing
(and that of others) to help me understand my own research results. Indeed, little
of the work I have published in my career would have been possible without a
good knowledge of plant structure. It is therefore a disappointment for me to
observe, throughout my career, an unending decline in the number of plant anat-
omists represented in the faculties of universities worldwide. But this is the way
‘science’ progresses; there are fads. The current fad’ is molecular biology, which is
quickly consuming most of the plant physiologists, too! Consequently, there are
few new anatomy papers for me to cite. However, citing old anatomy papers
should not be a concern to readers because anatomy, once correctly described, is
as true now as it was when published. Martin was very good at seeing the func-
tional significance of structures, hence the strength of the first edition. But I am
confident that structure-function anatomy (and whole plant physiology) will
have a place in modern biology. Once the molecular biologists get beyond the ini-
tial excitement of gene sequencing and on to understanding what the genes actu-
ally do, then the elucidation of genes that code for structures and functional phys-
iology will require the assistance of scientists with a knowledge of anatomy and
physiology. Anatomy of plants is hardly ever taught today, but when its value is
again recognized, perhaps some future molecular biologists will find this little
book of some assistance. In the meantime, this book will be of use to physiologi-
cal ecologists and organismal and evolutionary biologists.

It is particularly disappointing to see how little new work has been published in
the plant sciences using the cinematographic technique pioneered by Zimmer-
mann and Tomlinson. However, the technique has been used to great advantage in
the medical sciences to elucidate the structure of the brain. A Harvard brain anat-
omist worked in Martin’s laboratory learning the technique and then introduced
it into medical science. Shortly before his death, Martin recounted to me the inter-
view he had with the brain specialist he consulted regarding his tumor. His spe-
cialist said that tremendous advances had been made in our understanding of
brain structure and function because of the cinematographic technique used by
his colleagues at Harvard Medical School. Martin told his surgeon, ‘Did you know
that I pioneered the technique’? His surgeon did not believe him, saying it was the
invention of his medical colleagues. Martin decided not to antagonize his medical
advisor by insisting he was wrong, ‘After all I have to depend on him for my treat-
ment’. However, Martin told me that he was very happy to learn that his ideas had
been of such great value to the medical sciences.
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The subject matter of this book is drawn from many different fields. I have
taken the rather unconventional approach of retaining as much of the text of my
late coauthor as possible. I have made the book a little more encyclopedic than the
first edition and added a few new topics. But I have retained Martin’s original
words whenever possible to retain the elements of excitement and exploration
conveyed in the first edition. I have attempted to retain the exciting elements of
Martin’s writing style in the new sections that I have written. I regret that Martin
was not around to help me correct errors in sections that I exclusively authored. It
is quite obvious that I cannot be expert in all of these. Readers may therefore find
errors, inaccuracies, or gaps in areas with which they are particularly familiar. I
would greatly appreciate if they would communicate these to me, or let me know
any comments they might have.

Burlington, Vermont, USA MEeLvIN T. TYREE
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Wood is a marvelous tissue; it never ceases to fascinate me, be it as a construction
material for buildings, ships, fine musical instruments, or as the delicate structure
one sees in the microscope. Wood is described in standard plant anatomy texts
(e.g., Esau 1965; Fahn 1974), and in books that are entirely devoted to it (Harlow
1970; Meylan and Butterfield 1972, 1978a; Bosshard 1974; Core et al. 1979; Panshin
and de Zeeuw 1980; Baas 1982 a, and others). Microscopic anatomy is a useful tool
for wood identification, it is also of interest to biologists who are concerned with
the evolution of plants, because the xylem is easily fossilized.

The study of wood function is certainly not new. Technologists have been
investigating the mechanical properties of wood for years, and specific micro-
scopic features have been recognized as serving certain aspects of water conduc-
tion. Nevertheless, the xylem as a system of pipelines, serving the plant as a whole,
has received relatively little attention since Huber (1956) published his chapter on
vascular water transport in the Encyclopedia of Plant Physiology. Plant anatomy
and physiology have drifted apart. Plant physiology is largely concerned with bio-
chemistry today and pays relatively little attention to the plant as a whole. Reviews
of sap ascent have become so mathematical that they are not read by many plant
anatomists (Pickard 1981; Hatheway and Winter 1981). Plant anatomy, on the
other hand, has become largely preoccupied with evolutionary changes. But we
cannot merely look at a structure and speculate what it might be good for. On the
other hand, mathematical treatment should have a sound basis in structural
understanding. We must study the function of structures experimentally. This is
the only valid approach and it is certainly not a new one. When de Vries (1886)
investigated the Casparian strip, he did not just speculate about its function, he
pressurized the root and tested the effectiveness of the pressure seal! We can learn
a great deal from the early botanists in this respect. I was astounded how often my
literature search took me back to the last century, often to ideas and approaches,
which have been forgotten. The reader will undoubtedly become very much aware
of this fact.

The concept of evolutionary adaptation, i.e., the concept that everything about
the plant has a specific purpose, can become misleading in those cases where a
feature serves more than one purpose but where the investigator is preoccupied
with a single one. The xylem provides a good example. In spite of this danger, the
purpose of this book has been confined to xylem structure from the point of view
of water conduction throughout the plant. Other functions, such as mechanical
support, the periodic storage and mobilization of reserve materials in axial and
radial xylem parenchyma (Sauter 1966, 1967), nutrient transport in the rays (Holl
1975) and in the axial xylem (Sauter 1976, 1980) are not covered.
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I have used the old dimensions of atmosphere and bar throughout the text. The
two are, for our purposes at least, practically identical (they differ by only about
1.3%). Most of my colleagues are now using the SI unit Pascal, which is the force
exerted by 1 kg mass, at an acceleration of 1 m/s? (=1 Newton) per m? surface. I
find this unit utterly unpractical for our purposes. First, the atmosphere, 1 kg
weight cm~2, is so very easy to visualize. Second, it is so convenient to have ambi-
ent pressure equal one. The SI pressures are very abstract units. They may be use-
ful for engineers, but certainly not for biologists. In the range we use them, we
even have to switch back and forth between MPa and kPa, because of their awk-
ward size. Thus I see nothing but disadvantages in using SI units in dealing with
pressures in plants. I do not mind being considered either old-fashioned or reac-
tionary for the advantage of being practical; units are supposed to be our servants,
we are not their slaves! As a concession, I am giving the conversion at strategic
locations of the text in parentheses. Pressures are always given as absolute values,
i.e.,ambient pressure is +1 atm (or bar), and vacuum is zero, except where specif-
ically noted.

Writing this little book has been a very rewarding experience. As one writes
one has to give the matter a great deal of thought. One often reaches suddenly a
deeper level of understanding. It happened to me at least three times during writ-
ing that I suddenly thought, ,,ah, this is why!“ First, I discovered the phenomenon
of what I have subsequently called ,,air seeding,” a mechanism by which a minute
amount of air can enter a xylem duct, thus inducing cavitation (Fig. 3.6). The
water-containing compartment embolizes because it has been air-seeded, but it
contains only a minute amount of air. This can easily redissolve later, should the
xylem pressure rise to atmospheric again. I am sure the German botanist Otto
Renner, who worked on such problems in the first third of this century, was fully
aware of this situation. But he never spelled it out, and I always assumed naively
that air enters the cell until atmospheric pressure was reached. The second discov-
ery was the presence of water storage in the xylem by capillarity (Chap. 3.4).I do
not know if this was clear to anyone else before, but it is certainly unavoidable and
must be very important. I had always known, and given lip service to the presence
of intercellular spaces that are the ducts for air movement in the xylem. But it was
not until we made our paint infusion experiments that I stumbled over them, so to
speak, and realized that they were very conspicuous. Capillarity is an unavoidable
phenomenon, and it became clear to me that one cannot have pressure changes in
the xylem without changes in capillary water storage (Chap. 3.4). This led to my
third major discovery. I knew that below-atmospheric pressure provides the
xylem with a ready sealing mechanism (Chap. 3.5), but I had not been fully aware
of the fact that below-atmospheric pressures provide the plant with water-storage
space and air ducts in the xylem. What, then, do aquatic angiosperms do in which
xylem pressures are always positive in submerged parts? Of course they must sep-
arate the two compartments! They have an air-duct system, which must be sealed
off from the special water-conducting ,positive-pressure xylem* (Chap. 5.4). What
arich field of investigation lay ahead!

Successful competition depends on evolutionary adaptation. A few years ago
Carlquist (1975) pointed out some of these problems with a book entitled Ecolog-
ical Strategies of Xylem Evolution. This was a step in the right direction, but it also
showed how very little we really know about xylem function in the whole plant.
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We all enjoy speculating; the reader will certainly find plenty of speculations in
this volume. But what we really need is experimental evidence, and it seems to me
that we have only started to scratch the surface in this respect. This book cannot
be, at this stage of our ignorance, a book of encyclopedic nature. It is an ,idea“
book that tries to build a bridge between the study area of structure and that of
function. Functional xylem anatomy may well develop into an exciting new field
of endeavor. If this is accomplished, the book will have served its purpose well.

The subject matter of this book is drawn from many different fields. It is quite
obvious that I cannot be expert in all of these. Readers may therefore find errors,
inaccuracies, or gaps in areas with which they are particularly familiar. I would
greatly appreciate if they would communicate these to me, or let me know any
comments they might have.

MARTIN H. ZIMMERMANN






