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Medal (note the leaf scroll at the top) received by W. Adams at the Missouri State Science Fair. The backdrop 
of leaves includes those from (beginning in the upper left, moving clockwise) Gambel oak (Quercus gambelii), 
yellow twig dogwood (Cornus sericea), Virginia creeper (Parthenocissus quinquefolia), honey locust (Gleditsia 
triacanthos), Oregon grape holly (Mahonia aquifolium), and mullein (Verbascum thapsus). (Photograph by 
Melanie S. Adams)
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From the Series Editors

After 43 volumes in this series, our good 
friend and colleague Govindjee has stepped 
away from his duties as series editor. This is 
the first volume since his retirement, but 
even so, volumes in this series will continue 
to be shaped by Govindjee’s enthusiasm for 
all things photosynthesis and his care and 
dedication to this series. Julian J. Eaton-Rye 
will be co-series editor beginning with this 
volume. It is hoped that our new team of 
series editors will continue to identify new 
topics that would benefit from an edited vol-
ume and editors that will take on the task of 
coordinating a volume that will serve the 
photosynthesis community.

Our understanding of photosynthesis can 
be organized in many different ways. The 
topics of books in this series reflect this vari-
ety of approaches. Some books are focused 
on a type of organism, others on specific pro-
cesses. In this volume, the focus is on under-
standing relationships between 
photosynthesis and leaves, the primary site 
of photosynthesis in most land plants. The 
leaf is a particularly convenient level of 
organization because leaves are critical for 
light capture, carbon uptake, carbon process-
ing, and carbon export from the photosyn-
thetic bacterial endosymbiont (chloroplast) 
to other parts of the plant used for food, fuel, 
and fiber. The understanding of leaf-level 
photosynthesis is a critical part of models 

that look to understand regional- and global-
scale photosynthesis.

The plant leaf is like a solar panel. The abil-
ity to intercept light is dependent on only two 
dimensions; leaf depth plays little role in light 
capture. Within this two-dimensional struc-
ture, large amounts of water must be distrib-
uted throughout, and at the same time, sugars 
and other end products must be collected from 
all parts of the leaf and provided to the rest of 
the plant. The challenges of this plumbing 
have been under intensive study lately making 
this an opportune time for a book that tackles 
this important area of research.

Leaf shape and display are important for 
how leaves cope with their environment. 
Internal architecture is critical for maximiz-
ing light collection and carbon dioxide 
uptake. Several chapters in this book describe 
important leaf architecture considerations 
and mechanisms by which leaf architecture 
is determined.

This volume joins volume 42 (Canopy 
Photosynthesis: From Basics to Applications, 
editors Kouki Hikosaka, Ülo Niinemets, and 
Niels P.R. Anten) in describing the study of 
photosynthesis at a particular organizational 
scale. Together, these books provide a solid 
foundation for understanding how the physi-
cal environment can affect how plants 
develop and display their resources to maxi-
mize photosynthesis.
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�Authors of Volume 44

We note with great pride that the current vol-
ume is truly an international book; it has 
authors from the following 12 countries: 
Australia (4), Austria (1), Brazil (1), Canada 
(1), Chile (1), China (1), Czech Republic (1), 
France (1), Japan (19), Spain (6), UK (5), 
and USA (22).

There are 61 authors (including the 3 edi-
tors) who are experts in the field of leaf-level 
photosynthesis. Alphabetically (by last 
names), they are Anunción Abadía, Javier 
Abadía, William W.  Adams III, Evgenios 
Agathokleous, Fransisca C.  Anozie, Brian 
Ayre, Anne M. Borland, Federica Brandizzi, 
Timothy J.  Brodribb, Thomas N.  Buckley, 
Marcelo L. Campos, Francisco Javier Cano, 
Marc Carriquí, Rafael E.  Coopman, Asaph 
B.  Cousins, Barbara Demmig-Adams, 
Norikazu Eguchi, Jaume Flexas, Irwin 
N. Forseth, Jr., Takashi Fujita, Ryo Funada, 
Brigitte Gontero, Kouki Hikosaka, Tadashi 
Hirasawa, Gregg A.  Howe, Rongbin Hu, 
Natalia Hurtado-Castano, Kihachiro 
Kikuzawa, Sang-Jin Kim, Yong-Sig Kim, 
Mitsutoshi Kitao, Takayoshi Koike, Tracy 
Lawson, Martin J.  Lechowicz, Alistair 
Leverett, Stephen C. Maberly, Ian T. Major, 
Yusuke Mizokami, Fermín Morales, Erik T. 
Nilsen, Riichi Oguchi, Yusuke Onoda, 
Andrej Pavlovič, Stephanie K.  Polutchko, 
Luciana Renna, Thomas D. Sharkey, Jared 
J.  Stewart, Mitsutaka Taniguchi, Ichiro 
Terashima, Danny Tholen, Michael 
F.  Thomashow, Hirokazu Tsukaya, Robert 
Turgeon, Yin Wang, Makoto Watanabe, Yoko 
Watanabe, Sarathi M.  Weraduwage, Ian 
J. Wright, Dongliang Xiong, Xiaohan Yang, 
and Yuki Yoshida. We are grateful for their 
efforts in making this important volume.

�Our Books

We list below information on the 43 volumes 
that have been published thus far (see http://
www.springer.com/series/5599 for the series 

website). Electronic access to individual 
chapters depends on subscription (ask your 
librarian), but Springer provides free down-
loadable front matter as well as indexes for 
all volumes. The available websites of the 
books in the series are listed below.

•	 Volume 43 (2018) Plant Respiration: 
Metabolic Fluxes and Carbon Balance, 
Edited by Guillaume Tcherkez from Australia 
and Jaleh Ghashghaie from France. Fourteen 
chapters, 302 pp, Hardcover ISBN 978-
3-319-68701-8, eBook ISBN 978-3-319-
68703-2 [http:// http://www.springer.com/us/
book/9783319687018]

•	 Volume 42 (2016) Canopy Photosynthesis: 
From Basics to Applications, Edited by Kouki 
Hikosaka from Japan, Ülo Niinemets from 
Estonia, and Neils P.R.  Anten from the 
Netherlands. Fifteen chapters, 423 pp, 
Hardcover ISBN 978-94-017-7290-7, eBook 
ISBN 978-94-017-7291-4 [http://www.
springer.com/book/9789401772907]

•	 Volume 41 (2016) Cytochrome Complexes: 
Evolution, Structures, Energy Transduction, 
and Signaling, Edited by William A. Cramer 
and Tovio Kallas from the USA.  Thirty-five 
chapters, 734 pp, Hardcover ISBN 978-94-
017-7479-6, eBook ISBN 978-94-017-7481-9 
[ h t t p : / / w w w . s p r i n g e r . c o m / b o o k / 
9789401774796]

•	 Volume 40 (2014) Non-Photochemical 
Quenching and Energy Dissipation in 
Plants, Algae and Cyanobacteria, edited by 
Barbara Demmig-Adams, Győző Garab, 
William W.  Adams III, and Govindjee from 
USA and Hungary. Twenty-eight chapters, 
649 pp, Hardcover ISBN 978-94-017-9031-4, 
eBook ISBN 978-94-017-9032-1 [http://
w w w. s p r i n g e r . c o m / l i f e + s c i e n c e s /
plant+sciences/book/978-94-017-9031-4]

•	 Volume 39 (2014) The Structural Basis of 
Biological Energy Generation, edited by 
Martin F.  Hohmann-Marriott from Norway. 
Twenty-four chapters, 483 pp, Hardcover 
ISBN 978-94-017-8741-3, eBook ISBN 978-
94-017-8742-0 [http://www.springer.com/
life+sciences/book/978-94-017-8741-3]
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•	 Volume 38 (2014) Microbial BioEnergy: 
Hydrogen Production, edited by Davide 
Zannoni and Roberto De Phillipis, from Italy. 
Eighteen chapters, 366 pp, Hardcover ISBN 
978-94-017-8553-2, eBook ISBN 978-94-017-
8554-9 [http://www.springer.com/life+sciences/
plant+sciences/book/978-94-017-8553-2]

•	 Volume 37 (2014) Photosynthesis in 
Bryophytes and Early Land Plants, edited by 
David T.  Hanson and Steven K.  Rice, from 
USA.  Eighteen chapters, approx. 342 pp, 
Hardcover ISBN 978-94-007-6987-8, eBook 
ISBN 978-94-007-6988-5 [http://www.
springer.com/life+sciences/plant+sciences/
book/978-94-007-6987-8]

•	 Volume 36 (2013) Plastid Development in 
Leaves during Growth and Senescence, edited 
by Basanti Biswal, Karin Krupinska, and Udaya 
Biswal, from India and Germany. Twenty-eight 
chapters, 837 pp, Hardcover ISBN 978-94-007-
5723-33, eBook ISBN 978-94-007-5724-0 
[http://www.springer.com/life+sciences/
plant+sciences/book/978-94-007-5723-3]

•	 Volume 35 (2012) Genomics of Chloroplasts 
and Mitochondria, edited by Ralph Bock and 
Volker Knoop, from Germany. Nineteen chap-
ters, 475 pp, Hardcover ISBN 978-94-007-
2919-3 eBook ISBN 978-94-007-2920-9 
[http://www.springer.com/life+sciences/
plant+sciences/book/978-94-007-2919-3]

•	 Volume 34 (2012) Photosynthesis: Plastid 
Biology, Energy Conversion and Carbon 
Assimilation, edited by Julian J.  Eaton-Rye, 
Baishnab C. Tripathy, and Thomas D. Sharkey, 
from New Zealand, India, and USA.  Thirty-
three chapters, 854 pp, Hardcover, ISBN 978-
94-007-1578-3, eBook ISBN 978-94-007-1579-0 
[http://www.springer.com/life+sciences/
plant+sciences/book/978-94-007-1578-3]

•	 Volume 33 (2012) Functional Genomics and 
Evolution of Photosynthetic Systems, edited by 
Robert L.  Burnap and Willem F.  J. Vermaas, 
from USA. Fifteen chapters, 428 pp, Hardcover 
ISBN 978-94-007-1532-5, Softcover ISBN 978-
94-007-3832-4, eBook ISBN 978-94-007-
1533-2 [http://www.springer.com/life+sciences/
book/978-94-007-1532-5]

•	 Volume 32 (2011) C4 Photosynthesis and 
Related CO2 Concentrating Mechanisms, 
edited by Agepati S. Raghavendra and Rowan 
Sage, from India and Canada. Nineteen chap-
ters, 425 pp, Hardcover ISBN 978-90-481-
9406-3, Softcover ISBN 978-94-007-3381-7, 
eBook ISBN 978-90-481-9407-0 [http://
www.springer.com/life+sciences/plant+ 
sciences/book/978-90-481-9406-3]

•	 Volume 31 (2010) The Chloroplast: Basics 
and Applications, edited by Constantin Rebeiz, 
Christoph Benning, Hans J.  Bohnert, Henry 
Daniell, J.  Kenneth Hoober, Hartmut 
K. Lichtenthaler, Archie R. Portis, and Baishnab 
C.  Tripathy, from USA, Germany, and India. 
Twenty-five chapters, 451 pp, Hardcover ISBN 
978-90-481-8530-6, Softcover ISBN 978-94-
007-3287-2, eBook ISBN 978-90-481-8531-3 
[http://www.springer.com/life+sciences/
plant+sciences/book/978-90-481-8530-6]

•	 Volume 30 (2009) Lipids in Photosynthesis: 
Essential and Regulatory Functions, edited by 
Hajime Wada and Norio Murata, both from 
Japan. Twenty chapters, 506 pp, Hardcover 
ISBN 978-90-481-2862-4, Softcover ISBN 
978-94-007-3073-1 eBook ISBN 978-90-481-
2863-1 [http://www.springer.com/life+sciences/
plant+sciences/book/978-90-481-2862-4]

•	 Volume 29 (2009) Photosynthesis in Silico: 
Understanding Complexity from Molecules, 
edited by Agu Laisk, Ladislav Nedbal, and 
Govindjee, from Estonia, The Czech Republic, 
and USA. Twenty chapters, 525 pp, Hardcover 
ISBN 978-1-4020-9236-7, Softcover ISBN 
978-94-007-1533-2, eBook ISBN 978-1-4020-
9237-4 [http://www.springer.com/life+sciences/
plant+sciences/book/978-1-4020-9236-7]

•	 Volume 28 (2009) The Purple Phototrophic 
Bacteria, edited by C. Neil Hunter, Fevzi Daldal, 
Marion C.  Thurnauer, and J.  Thomas Beatty, 
from UK, USA, and Canada. Forty-eight chap-
ters, 1053 pp, Hardcover ISBN 978-1-4020-
8814-8, eBook ISBN 978-1-4020-8815-5 
[http://www.springer.com/life+sciences/
plant+sciences/book/978-1-4020-8814-8]

•	 Volume 27 (2008) Sulfur Metabolism in 
Phototrophic Organisms, edited by Christiane 

﻿From the Series Editors
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Dahl, Rüdiger Hell, David Knaff, and Thomas 
Leustek, from Germany and USA. Twenty-four 
chapters, 551 pp, Hardcover ISBN 978-4020-
6862-1, Softcover ISBN 978-90-481-7742-4, 
eBook ISBN 978-1-4020-6863-8 [http://www.
springer.com/life+sciences/plant+sciences/
book/978-1-4020-6862-1]

•	 Volume 26 (2008) Biophysical Techniques 
Photosynthesis, Volume II, edited by Thijs 
Aartsma and Jörg Matysik, both from the 
Netherlands. Twenty-four chapters, 548 pp, 
Hardcover, ISBN 978-1-4020-8249-8, 
Softcover ISBN 978-90-481-7820-9, eBook 
ISBN 978-1-4020-8250-4 [http://www.
springer.com/life+sciences/plant+sciences/
book/978-1-4020-8249-8]

•	 Volume 25 (2006) Chlorophylls and Bacterio
chlorophylls: Biochemistry, Biophysics, 
Functions and Applications, edited by Bernhard 
Grimm, Robert J. Porra, Wolfhart Rüdiger, and 
Hugo Scheer, from Germany and Australia. 
Thirty-seven chapters, 603 pp, Hardcover, ISBN 
978-1-40204515-8, Softcover ISBN 978-90-
481-7140-8, eBook ISBN 978-1-4020-4516-5 
[http://www.springer.com/life+sciences/
plant+sciences/book/978-1-4020-4515-8]

•	 Volume 24 (2006) Photosystem I: The Light-
Driven Plastocyanin: Ferredoxin 
Oxidoreductase, edited by John H.  Golbeck, 
from USA. Forty chapters, 716 pp, Hardcover 
ISBN 978-1-40204255-3, Softcover ISBN 978-
90-481-7088-3, eBook ISBN 978-1-4020-
4256-0 [http://www.springer.com/life+sciences/
plant+sciences/book/978-1-4020-4255-3]

•	 Volume 23 (2006) The Structure and Function 
of Plastids, edited by Robert R.  Wise and 
J. Kenneth Hoober, from USA. Twenty-seven 
chapters, 575 pp, Softcover, ISBN: 978-1-
4020-6570–6; Hardcover ISBN 978-1-4020-
4060-3, Softcover ISBN 978-1-4020-6570-5, 
eBook ISBN 978-1-4020-4061-0 [http://www.
springer.com/life+sciences/plant+sciences/
book/978-1-4020-4060-3]

•	 Volume 22 (2005) Photosystem II: The Light-
Driven Water: Plastoquinone Oxidoreductase, 
edited by Thomas J. Wydrzynski and Kimiyuki 
Satoh, from Australia and Japan. Thirty-four 
chapters, 786 pp, Hardcover ISBN 978-1-4020-

4249-2, eBook ISBN 978-1-4020-4254-6 
[http://www.springer.com/life+sciences/
plant+sciences/book/978-1-4020-4249-2]

•	 Volume 21 (2006) Photoprotection, 
Photoinhibition, Gene Regulation, and 
Environment, edited by Barbara Demmig-
Adams, William W.  Adams III, and Autar 
K. Mattoo, from USA. Twenty-one chapters, 
380 pp, Hardcover ISBN 978-14020-3564-7, 
Softcover ISBN 978-1-4020-9281-7, eBook 
ISBN 978-1-4020-3579-1 [http://www.
springer.com/life+sciences/plant+sciences/
book/978-1-4020-3564-7]

•	 Volume 20 (2006) Discoveries in 
Photosynthesis, edited by Govindjee, 
J.  Thomas Beatty, Howard Gest, and John 
F.  Allen, from USA, Canada, and UK.  One 
hundred and eleven chapters, 1304 pp, 
Hardcover ISBN 978-1-4020-3323-0, eBook 
ISBN 978-1-4020-3324-7 [http://www.
springer.com/life+sciences/plant+sciences/
book/978-1-4020-3323-0]

•	 Volume 19 (2004) Chlorophyll a Fluorescence: 
A Signature of Photosynthesis, edited by 
George C.  Papageorgiou and Govindjee, from 
Greece and USA. Thirty-one chapters, 820 pp, 
Hardcover, ISBN 978-1-4020-3217-2, Softcover 
ISBN 978-90-481-3882-1, eBook ISBN 
978-1-4020-3218-9 [http://www.springer.com/
life+sciences/biochemistry+%26+biophysics/
book/978-1-4020-3217-2]

•	 Volume 18 (2005) Plant Respiration: From 
Cell to Ecosystem, edited by Hans Lambers and 
Miquel Ribas-Carbo, from Australia and Spain. 
Thirteen chapters, 250 pp, Hardcover ISBN978-
14020-3588-3, Softcover ISBN 978-90-481-
6903-0, eBook ISBN 978-1-4020-3589-0 
[http://www.springer.com/life+sciences/
plant+sciences/book/978-1-4020-3588-3]

•	 Volume 17 (2004) Plant Mitochondria: From 
Genome to Function, edited by David Day, 
A.  Harvey Millar and James Whelan, from 
Australia. Fourteen chapters, 325 pp, Hardcover, 
ISBN: 978-1-4020-2399-6, Softcover ISBN 
978-90-481-6651-0, eBook ISBN 978-1-4020-
2400-9 [http://www.springer.com/life+sciences/
cell+biology/book/978-1-4020-2399-6]
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•	 Volume 16 (2004) Respiration in Archaea 
and Bacteria: Diversity of Prokaryotic 
Respiratory Systems, edited by Davide 
Zannoni, from Italy. Thirteen chapters, 310 
pp, Hardcover ISBN 978-14020-2002-5, 
Softcover ISBN 978-90-481-6571-1, eBook 
ISBN 978-1-4020-3163-2 [http://www.
springer.com/life+sciences/plant+sciences/
book/978-1-4020-2002-5]

•	 Volume 15 (2004) Respiration in Archaea and 
Bacteria: Diversity of Prokaryotic Electron 
Transport Carriers, edited by Davide Zannoni, 
from Italy. Thirteen chapters, 350 pp, Hardcover 
ISBN 978-1-4020-2001-8, Softcover ISBN 978-
90-481-6570-4, eBook ISBN 978-1-4020-
3163-2 [http://www.springer.com/life+sciences/
b i o c h e m i s t r y + % 2 6 + b i o p h y s i c s /
book/978-1-4020-2001-8]

•	 Volume 14 (2004) Photosynthesis in Algae, 
edited by Anthony W. Larkum, Susan Douglas, 
and John A. Raven, from Australia, Canada, and 
UK.  Nineteen chapters, 500 pp, Hardcover 
ISBN 978-0-7923-6333-0, Softcover ISBN 
978-94-010-3772-3, eBook ISBN 978-94-007-
1038-2 [http://www.springer.com/life+sciences/
plant+sciences/book/978-0-7923-6333-0]

•	 Volume 13 (2003) Light-Harvesting 
Antennas in Photosynthesis, edited by 
Beverley R.  Green and William W.  Parson, 
from Canada and USA.  Seventeen chapters, 
544 pp, Hardcover ISBN 978-07923-6335-4, 
Softcover ISBN 978-90-481-5468-5, eBook 
ISBN 978-94-017-2087-8 [http://www.
springer.com/life+sciences/plant+sciences/
book/978-0-7923-6335-4]

•	 Volume 12 (2003) Photosynthetic Nitrogen 
Assimilation and Associated Carbon and 
Respiratory Metabolism, edited by Christine 
H.  Foyer and Graham Noctor, from UK and 
France. Sixteen chapters, 304 pp, Hardcover 
ISBN 978-07923-6336-1, Softcover ISBN 978-
90-481-5469-2, eBook ISBN 978-0-306-
48138-3 [http://www.springer.com/life+sciences/
plant+sciences/book/978-0-7923-6336-1]

•	 Volume 11 (2001) Regulation of 
Photosynthesis, edited by Eva-Mari Aro and 
Bertil Andersson, from Finland and Sweden. 
Thirty-two chapters, 640 pp, Hardcover ISBN 

978-0-7923-6332-3, Softcover ISBN 978-94-
017-4146-0, eBook ISBN 978-0-306-48148-2 
[http://www.springer.com/life+sciences/
plant+sciences/book/978-0-7923-6332-3]

•	 Volume 10 (2001) Photosynthesis: Photo
biochemistry and Photobiophysics, edited by 
Bacon Ke, from USA. Thirty-six chapters, 792 
pp, Hardcover ISBN 978-0-7923-6334-7, 
Softcover ISBN 978-0-7923-6791-8, eBook 
ISBN 978-0-306-48136-9 [http://www.springer.
c o m / l i f e + s c i e n c e s / p l a n t + s c i e n c e s /
book/978-0-7923-6334-7]

•	 Volume 9 (2000) Photosynthesis: Physiology 
and Metabolism, edited by Richard C. Leegood, 
Thomas D.  Sharkey, and Susanne von 
Caemmerer, from UK, USA, and Australia. 
Twenty-four chapters, 644 pp, Hardcover ISBN 
978-07923-6143-5, Softcover ISBN 978-90-
481-5386-2, eBook ISBN 978-0-306-48137-6 
[http://www.springer.com/life+sciences/
plant+sciences/book/978-0-7923-6143-5]

•	 Volume 8 (1999) The Photochemistry of 
Carotenoids, edited by Harry A.  Frank, 
Andrew J. Young, George Britton, and Richard 
J. Cogdell, from USA and UK. Twenty chap-
ters, 420 pp, Hardcover ISBN 978-0-7923-
5942-5, Softcover ISBN 978-90-481-5310-7, 
eBook ISBN 978-0-306-48209-0 [http://www.
springer.com/life+sciences/plant+sciences/
book/978-0-7923-5942-5]

•	 Volume 7 (1998) The Molecular Biology of 
Chloroplasts and Mitochondria in Chlamy
domonas, edited by Jean David Rochaix, Michel 
Goldschmidt-Clermont, and Sabeeha Merchant, 
from Switzerland and USA. Thirty-six chapters, 
760 pp, Hardcover ISBN 978-0-7923-5174-0, 
Softcover ISBN 978-94-017-4187-3, eBook 
ISBN 978-0-306-48204-5 [http://www.springer.
com/life+sciences/plant+sciences/book/ 
978-0-7923-5174-0]

•	 Volume 6 (1998) Lipids in Photosynthesis: 
Structure, Function and Genetics, edited by 
Paul-André Siegenthaler and Norio Murata, 
from Switzerland and Japan. Fifteen chapters, 
332 pp. Hardcover ISBN 978-0-7923-5173-3, 
Softcover ISBN 978-90-481-5068-7, eBook 
ISBN 978-0-306-48087-4 [http://www.
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springer.com/life+sciences/plant+sciences/
book/978-0-7923-5173-3]

•	 Volume 5 (1997) Photosynthesis and the 
Environment, edited by Neil R.  Baker, from 
UK. Twenty chapters, 508 pp, Hardcover ISBN 
978-07923-4316-5, Softcover ISBN 978-90-
481-4768-7, eBook ISBN 978-0-306-48135-2 
[http://www.springer.com/life+sciences/
plant+sciences/book/978-0-7923-4316-5]

•	 Volume 4 (1996) Oxygenic Photosynthesis: 
The Light Reactions, edited by Donald R. Ort 
and Charles F. Yocum, from USA. Thirty-four 
chapters, 696 pp, Hardcover ISBN 978-0-
7923-3683-9, Softcover ISBN 978-0-7923- 
3684–6, eBook ISBN 978-0-306-48127-7 
[http://www.springer.com/life+sciences/
plant+sciences/book/978-0-7923-3683-9]

•	 Volume 3 (1996) Biophysical Techniques in 
Photosynthesis, edited by Jan Amesz and Arnold 
J.  Hoff, from the Netherlands. Twenty-four 
chapters, 426 pp, Hardcover ISBN 978-0-7923-
3642-6, Softcover ISBN 978-90-481-4596-6, 
eBook ISBN 978-0-306-47960-1 [http://www.
springer.com/life+sciences/plant+sciences/
book/978-0-7923-3642-6]

•	 Volume 2 (1995) Anoxygenic Photosynthetic 
Bacteria, edited by Robert E.  Blankenship, 
Michael T.  Madigan, and Carl E.  Bauer, from 
USA.  Sixty-two chapters, 1331 pp, Hardcover 
ISBN 978-0-7923-3682-8, Softcover ISBN 978-
0-7923-3682-2, eBook ISBN 978-0-306-
47954-0 [http://www.springer.com/life+sciences/
plant+sciences/book/978-0-7923-3681-5]

•	 Volume 1 (1994) The Molecular Biology of 
Cyanobacteria, edited by Donald R. Bryant, 
from USA.  Twenty-eight chapters, 916 
pp, Hardcover, ISBN 978-0-7923-3222-0, 
Softcover ISBN 978-0-7923-3273-2, eBook 
ISBN 978-94-011-0227-8 [http://www.
springer.com/life+sciences/plant+sciences/
book/978-0-7923-3222-0]

Further information on these books and 
ordering instructions is available at http://
www.springer.com/series/5599.

Special 25% discounts are available to 
members of the International Society of 
Photosynthesis Research, ISPR, http://www.

photosynthesisresearch.org/. See http://
www.springer.com/ispr.

�Future Advances in Photosynthesis 
and Respiration and Other Related 
Books

The readers of the current series are encour-
aged to watch for the publication of the 
forthcoming books (not necessarily arranged 
in the order of future appearance):

•	 Photosynthesis and Climate Change (working 
title) (Editors: Katie M. Becklin, Joy K. Ward, 
and Danielle A. Way)

•	 Cyanobacteria (Editor: Donald Bryant)
•	 Photosynthesis in Algae (Editors: Anthony 

Larkum and Arthur Grossman)
•	 Our Photosynthetic Planet (Editors: Mike 

Behrenfeld, Joe Berry, Lianhong Gu, Nancy 
Jiang, Anastasia Romanou, and Anthony 
Walker)

•	 Modeling Photosynthesis and Growth (Editors: 
Xin-Guang Zhu and Thomas D. Sharkey)

In addition to the above books, the follow-
ing topics are under consideration:

Algae and cyanobacteria: biofuel and bioenergy
Artificial photosynthesis
ATP synthase: structure and function
Bacterial respiration II
Evolution of photosynthesis
Green bacteria and heliobacteria
Interactions between photosynthesis and other 

metabolic processes
Limits of photosynthesis: where do we go from 

here?
Photosynthesis, biomass, and bioenergy
Photosynthesis under abiotic and biotic stress

If you have any interest in editing/co- 
editing any of the above listed books, or being 
an author, please send an e-mail to Tom 
Sharkey (tsharkey@msu.edu) and/or  
to Julian Eaton-Rye (julian.eaton-rye@otago.
ac.nz). Suggestions for additional topics are 
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also welcome. Instructions for writing chap-
ters in books in our series are available by 
sending e-mail requests to one or both of us.

We take this opportunity to thank and 
congratulate William Adams and Ichiro 
Terashima for their outstanding editorial 
work and for their highly professional deal-
ing with the reviewing process; they have 
indeed done a fantastic job, not only in edit-
ing but also in organizing this book for all of 
us. We thank all 61 authors of this book (see 
the list given earlier and on the following 
pages); without their authoritative chapters, 
there would be no such volume. We give spe-
cial thanks to Mr. Joseph Daniel and Mrs. 
Rathika Ramkumar of SPi Global, India, for 
directing the typesetting of this book; their 
expertise has been crucial in bringing this 
book to completion. We owe Jacco Flipsen, 

Andre Tournois, and Ineke Ravesloot (of 
Springer) thanks for their friendly working 
relation with us that led to the production of 
this book.

� Thomas D. Sharkey  
 Department of Biochemistry  

and Molecular Biology
Michigan State University

East Lansing, MI, USA

Department of Biochemistry
University of Otago

Dunedin, New Zealand

February 3, 2018

tsharkey@msu.edu

julian.eaton-rye@otago.ac.nz

Julian J. Eaton-Rye 
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Series Editors

A 2017 informal photograph of Govindjee (right) and his wife Rajni (left) in Champaign-Urbana, Illinois. 
(Photograph by Dilip Chhajed)

The founding series editor Govindjee, who 
uses one name only, was born on October 24, 
1932, in Allahabad, India. Since 1999, he has 
been professor emeritus of biochemistry, bio-
physics, and plant biology at the University 
of Illinois at Urbana-Champaign (UIUC), 
Urbana, IL, USA.  He obtained his B.Sc. 
(chemistry, botany. and zoology) and M.Sc. 
(botany, plant physiology) in 1952 and 1954, 
from the University of Allahabad. He learned 
his plant physiology from Shri Ranjan, who 
was a student of Felix Frost Blackmann (of 
Cambridge, UK). Then, Govindjee studied 
photosynthesis at the UIUC, under two giants 
in the field, Robert Emerson (a student of 
Otto Warburg) and Eugene Rabinowitch 
(who had worked with James Franck), obtain-
ing his Ph.D., in biophysics, in 1960.

Govindjee is best known for his research 
on excitation energy transfer, light emission 
(prompt and delayed fluorescence and ther-
moluminescence), primary photochemistry, 
and electron transfer in photosystem II (PS 
II, water-plastoquinone oxidoreductase). His 
research, with many others, includes the dis-
covery of a short-wavelength form of chloro-
phyll (Chl) a functioning in PS II, of the 
two-light effect in Chl a fluorescence, and, 
with his wife Rajni Govindjee, of the two-
light effect (Emerson enhancement) in 
NADP+ reduction in chloroplasts. His major 
achievements, together with several others, 
include an understanding of the basic rela-
tionship between Chl a fluorescence and 
photosynthetic reactions; a unique role of 
bicarbonate/carbonate on the electron accep-
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tor side of PS II, particularly in the proton-
ation events involving the QB binding region; 
the theory of thermoluminescence in plants; 
the first picosecond measurements on the 
primary photochemistry of PS II; and the use 
of fluorescence lifetime imaging microscopy 
(FLIM) of Chl a fluorescence in understand-
ing photoprotection by plants against excess 
light. His current focus is on the History of 
Photosynthesis Research and in 
Photosynthesis Education. He has served on 
the faculty of the UIUC for ~40 years.

Govindjee’s honors include: fellow of the 
American Association of Advancement of 
Science (AAAS); distinguished lecturer of 
the School of Life Sciences, UIUC; fellow 
and lifetime member of the National 
Academy of Sciences (India); president of 
the American Society for Photobiology 
(1980–1981); Fulbright scholar (1956), 
Fulbright senior lecturer (1997), and 
Fulbright specialist (2012); honorary presi-
dent of the 2004 International Photosynthesis 
Congress (Montréal, Canada); the first recip-
ient of the Lifetime Achievement Award of 
the Rebeiz Foundation for Basic Biology, 
2006; recipient of the Communication Award 
of the International Society of Photosynthesis 
Research, 2007, and of the Liberal Arts and 
Sciences Lifetime Achievement Award of 
the UIUC, (2008). Further, Govindjee has 
been honored many times: (1) in 2007, 
through two special volumes of 
Photosynthesis Research, celebrating his 
75th birthday, and for his 50-year dedicated 
research in Photosynthesis (guest editor, 
Julian J. Eaton-Rye); (2) in 2008, through a 
special International Symposium on 
“Photosynthesis in a Global Perspective,” 
held in November 2008, at the University of 
Indore, India, which was followed by the 
book Photosynthesis: Basics and 
Applications (edited by S. Itoh, P. Mohanty, 
and K.N.  Guruprad); (3) in 2012, through 
Photosynthesis: Plastid Biology, Energy 
Conversion and Carbon Assimilation, edited 
by Julian J. Eaton-Rye, Baishnab C. Tripathy, 

and one of us (TDS); (4) in 2013, through 
special issues of Photosynthesis Research 
(volumes 117 and 118), edited by Suleyman 
Allakhverdiev, Gerald Edwards, and Jian-
Ren Shen celebrating his 80th (or rather 
81st) birthday; (5) in 2014, through celebra-
tion of his 81st birthday in Třeboň, the Czech 
Republic (O.  Prasil [2014] Photosynth Res 
122: 113–119); (6) in 2016, through the 
award of the prestigious Prof. B.M.  Johri 
Memorial Award of the Society of Plant 
Research, India. In 2018, Photosynthetica 
published a special issue to celebrate his 
85th birthday (editor, Julian J.  Eaton-Rye; 
now co-series editor for this book series).

Govindjee’s unique teaching of the 
Z-scheme of photosynthesis, where students 
act as different intermediates, has been pub-
lished in two papers: (1) P.K. Mohapatra and 
N.R. Singh (2015) (Photosynth Res 123:105–
114) and (2) S. Jaiswal, M. Bansal, S. Roy, 
A. Bharati, and B, Padhi (2017) (Photosynth 
Res 131: 351–359). Govindjee is a coauthor 
of the classic and highly popular book 
Photosynthesis (with E.I.  Rabinowitch, 
1969) and of the historical book Maximum 
Quantum Yield of Photosynthesis: Otto 
Warburg and the Midwest Gang (with 
K. Nickelsen, 2011). He is editor (or co-edi-
tor) of many books including Bioenergetics 
of Photosynthesis (1975); Photosynthesis, 
two volumes (1982); Light Emission by 
Plants and Bacteria (1986); Chlorophyll a 
Fluorescence: A Signature of Photosynthesis 
(2004); Discoveries in Photosynthesis 
(2005); and Non-Photochemical Quenching 
and Energy Dissipation in Plants, Algae and 
Cyanobacteria (2015).

Since 2007, each year a Govindjee and 
Rajni Govindjee Award is given to graduate 
students, by the Department of Plant Biology 
(odd years) and by the Department of 
Biochemistry (even years), at the UIUC, to 
recognize excellence in biological sciences. 
For further information on Govindjee, see 
his website at http://www.life.illinois.edu/
govindjee.
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Photograph by Sean E. Weise, 2017

Thomas D. (Tom) Sharkey  obtained his 
bachelor’s degree in biology in 1974 from 
Lyman Briggs College, a residential sci-
ence college at Michigan State University, 
East Lansing, Michigan, USA.  After 2 
years as a research technician, Tom entered 
a Ph.D. program in the Department of 
Energy Plant Research Laboratory at 
Michigan State University under the men-
torship of Klaus Raschke and finished in 
1979. Postdoctoral research was carried 
out with Graham Farquhar at the Australian 
National University, in Canberra, where he 
coauthored a landmark review on photo-
synthesis and stomatal conductance. For 
5 years, he worked at the Desert Research 
Institute, Reno, Nevada. After Reno, Tom 
spent 20 years as professor of botany at 
the University of Wisconsin in Madison. In 
2008, Tom became professor and chair of the 
Department of Biochemistry and Molecular 
Biology at Michigan State University. In 
2017, Tom stepped down as department 
chair and moved to the MSU-DOE Plant 
Research Laboratory completing a 38-year 
sojourn back to his beginnings. Tom’s 

research interests center on the exchange 
of gases between plants and the atmosphere 
and carbon metabolism of photosynthesis. 
The biochemistry and biophysics underlying 
carbon dioxide uptake and isoprene emission 
from plants form the two major research top-
ics in his laboratory. Among his contribu-
tions are measurement of the carbon dioxide 
concentration inside leaves, an exhaustive 
study of short-term feedback effects in car-
bon metabolism, and a significant contribu-
tion to elucidation of the pathway by which 
leaf starch breaks down at night. In the 
isoprene research field, his laboratory has 
cloned many of the genes that underlie iso-
prene synthesis, and he has published many 
important papers on the biochemical regula-
tion of isoprene synthesis. Tom’s work has 
been cited over 26,000 times according to 
Google Scholar in 2017. He has been named 
an outstanding faculty member by Michigan 
State University, and in 2015, he was named 
a University Distinguished Professor. He is 
a fellow of the American Society of Plant 
Biologists and of the American Association 
for the Advancement of Science. Tom has 
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co-edited three books, the first on trace 
gas emissions from plants in 1991 (with 
Elizabeth Holland and Hal Mooney), volume 
9 of this series (with Richard Leegood and 
Susanne von Caemmerer) on the physiology 
of carbon metabolism of photosynthesis in 

2000, and volume 34 (with Julian J. Eaton-
Rye and Baishnab C.  Tripathy) entitled 
Photosynthesis: Plastid Biology, Energy 
Conversion and Carbon Assimilation. Tom 
has been co-editor of this series since vol-
ume 31.
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Julian J.  Eaton-Rye  is a professor in 
the Department of Biochemistry at the 
University of Otago, New Zealand. He 
received his undergraduate degree in botany 
from the University of Manchester in the UK 
in 1981 and his Ph.D. from the University 
of Illinois in 1987, where he worked with 
Govindjee on the role of bicarbonate in the 
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Whether looking down on our planet from 
space or up at the sky from its surface, blue 
is the dominant color in the absence of con-
densed water vapor. The primary color of life 
on Earth, however, is green due to the ubiq-
uitous presence of leaves as the drivers of 
primary productivity on land and in shallow 
aquatic habitats. Given the order of magni-
tude loss of energy through each transforma-
tion as it makes its way through a food web, 
the overwhelming prevalence of primary 
producers is inevitable. As Richard Dawkins 
(2009) pointed out, “It is no accident that we 
see green almost wherever we look … 
Without green plants to outnumber us at 
least ten to one there would be no energy to 
power us.”

Following the emergence of leaves 
between 380 and 360 million years ago 
(Kenrick and Crane 1997; Boyce and Knoll 
2002; Osborne et al. 2004a, b), there was an 
explosion in diversity of leaf shape and size 
as plants evolved to fill virtually every avail-
able niche. At the heart of that variation in 
leaf form is its functionality as an organ opti-
mized for (1) intercepting and harvesting 
photons from sunlight to fuel the energiza-
tion of electrons in photosynthetic light har-
vesting and electron transport, (2) allowing 
the inward diffusion of carbon dioxide from 
the atmosphere in order to convert the ener-
gized electrons into a relatively stable chem-
ical form (reduced sugars), (3) passive and 
active movement of photosynthate (primar-
ily sugars) into foliar pipelines (sieve ele-
ments of the phloem) that provide for the 
distribution of these energy-rich, reduced 
carbon compounds throughout the plant, (4) 
distribution of water and nutrients through 

pipelines (tracheary elements of the xylem) 
within the leaf, and (5) exercising consider-
able control over the transpirational loss of 
water molecules to the atmosphere. Three 
key features that allowed these specialized 
organs to arise and proliferate include the 
ability to deposit a waxy cuticle on the out-
side surface of the epidermis virtually 
impenetrable to water loss from the water-
laden tissue, a vascular system capable of 
transporting fluids into and out of the leaf, 
and stomatal pores with guard cells respon-
sive to internal and external cues permitting 
regulation of water efflux and carbon dioxide 
influx. The mere presence of stomata, how-
ever, was insufficient to permit evolution of 
broad lamina for intercepting sunlight; only 
with development of sufficient stomatal 
numbers that could facilitate a rate of tran-
spirational cooling capable of preventing 
overheating and death did large, flat leaves 
become abundant concomitant with declin-
ing atmospheric CO2 concentrations 
(Beerling et al. 2001; Beerling 2005).

As the key to mitigation of the second law 
of thermodynamics, thereby permitting the 
majority of life on earth to persist, the cre-
ation of chemically stored energy through the 
process of photosynthesis has supplied the 
energy, molecular building blocks, and oxy-
gen necessary for the evolution and prolifera-
tion of millions of species. Interestingly, 
leaves also comprise some of the most flam-
mable components of the ecosystems in 
which these species coexist (e.g., grasslands, 
needles of conifer-dominated forests, leaves 
of Eucalyptus-dominated habitats, chaparral 
vegetation, etc.), with fire constituting a 
major driver responsible for the maintenance 
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and even rejuvenation of such habitats (Bond 
and Keeley 2005; Keane et al. 2008; Bowman 
et al. 2009, 2014; de Groot et al. 2013). While 
leaves, as the organs that provide the platform 
for most of terrestrial photosynthesis, under-
pin the major land-based biomes (Field et al. 
1998), their essential role in humanity’s pro-
gression is no less remarkable.

Leaves provide the food, either directly 
through fruits, nuts, roots, grains, leaves, or 
other plant parts or secondarily through ani-
mals, saprophytes, microbes, etc. whose 
functioning depends on the solar energy har-
vested by plants, without which we could not 
survive. The rise of human civilization 
depended to a large extent on the develop-
ment of domesticated crop plants (Chrispeels 
and Sadava 2003). The agricultural products 
of many of these crops are major sinks for 
the products of photosynthesis, but humans 
consume the leaves of quite a few species as 
well (cultivars of Lactuca sativa [lettuces], 
Brassica [cabbages, Brussels sprouts, kale, 
rapini, collard, turnip, and mustard greens], 
Beta vulgaris [chards], Spinacia oleracea 
[spinach], Cichorium [endive, radicchio], a 
variety of ferns, grape leaves, and a number 
of others) and use just as great a variety of 
leafy herbs to enhance the flavor, nutrition, 
and even aesthetic value of our cuisine (basil, 
bay laurel, chives, cilantro, dill, fennel, garlic, 
lavender, lemon grass, marjoram, a number of 
mints, onion, oregano, parsley, rosemary, tar-
ragon, thyme, etc.). Moreover, the leaves of 
many grasses and other species serve as for-
age for our domesticated animals.

As important as leaves are in generating 
the food upon which we (and our fellow het-
erotrophs) rely to fuel our bodies, they have 
played an equally important role in providing 
the energy for civilization’s development. 
The cellulose-infused, and thus energy-rich, 
products of photosynthesis (wood, peat, etc.) 
constituted a fuel source for fire used in 
cooking food (increasing the accessibility of 
energy and nutrients for uptake by our diges-
tive system; Wrangham and Carmody 2010; 
Carmody et al. 2016), making fire-strength-
ened and ultimately glazed pottery, heating 

of habitations that could also bring light to 
the night, smelting of metal ores and the for-
mation of metal-alloy implements, and melt-
ing of silica to form useful glass products 
(Hough 1932). The industrial revolution, 
fueled by fossil biofuels (and particularly the 
converted remains of plants in the form of 
coal that was laid down during the carbonif-
erous era; Lee 2017), spurred technological 
innovation at an increasing rate (Fernihough 
and O’Rourke 2014; Nelsen et  al. 2016). 
This led to generation of electricity, the light-
ing and heating of our businesses and dwell-
ings, and the invention of electricity-powered 
machines and devices for any number of pur-
poses. The tapping of the buried reserves of 
compact energy derived from photosynthetic 
products also yielded unprecedented changes 
in transportation, from steam-powered ships 
and trains to automobiles and, airplanes. 
Although the shift from renewable to fossil 
fuels transformed much of the developed 
world, between two and three billion people 
still rely on wood, charcoal, leftover biomass 
from agriculture, and plant biomass pro-
cessed by livestock (dung) as a source of fuel 
for cooking and heating (Ekouevi and 
Tuntivate 2012; Zuzhang 2017). The use of 
such renewable biofuels may be laudable, 
but it can nonetheless have negative conse-
quences for the environment (Draper 2011; 
Sawe 2012) and health of those who are 
exposed to excessive levels of indoor pollu-
tion (Fullerton et al. 2008; Nijhuis 2017).

Leaves also fuel the generation of many 
products that have proved useful to humans 
and contributed to the advancement of civili-
zation. Wood has been and is fashioned into 
various useful implements (e.g., utensils, 
tools and handles for tools, pencils, and even 
jewelry); used to build houses, boats, furni-
ture, railroads, fences, etc.; and pulped to 
make paper, cardboard, and paperboard for 
packaging, toilet paper and facial tissues, 
etc. Natural plant fibers (e.g., cotton, linen) 
are woven into clothing, blankets, etc.  
A number of leaves have been and are used 
directly, including those of a number of spe-
cies that serve as thatching material for the 
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protection of shelters from inclement weather 
or intense sunlight. The leaves of Spanish 
moss (Tillandsia usneoides), and especially 
their resilient, vascular strands, were used to 
stuff pillows, mattresses, and the upholstery 
of furniture (a sofa in the childhood home of 
the author was filled with this material). 
Leaves have also been woven into baskets, 
mats, boats, ropes (especially cordage made 
from the parallel veins of long monocotyle-
donous leaves), and other useful devices, 
fashioned into articles of clothing, and used 
in the preparation and serving of food. Where 
available, palm leaves have played a promi-
nent role in many of these functions, and 
more specifically for the generation of man-
uscripts in India and southeast Asia.

The cultural importance of leaves has 
been immense. The leaves of the laurel tree 
(Laurus nobilis) held special significance to 
the ancient Greeks (the mythical god Apollo 
bore a crown of laurel leaves), branches of 
which were woven into wreaths and worn 
around the head as a symbol of achievement 
or ranking in society (e.g., for those athletes 
who triumphed in Olympic contests). 
Wreaths from other species (oak, olive, myr-
tle, grapevine, some herbaceous species) 
served as well in Greek, Roman, and some 
Native American groups. Laurel wreaths 
were often invoked to fete the founders of the 
USA (Chernow 2004, 2010) and, upon his 
death in early 1919, laurel wreaths were 
dropped from airplanes circling Theodore 
Roosevelt’s residence and laurel branches 
lined his gravesite (Morris 2010). The use of  
honorific wreaths has persisted into some 
modern-day athletic competitions (e.g., 
Olympic Games, Boston Marathon), and the 
term laurel and its derivatives has continued 
to connote great accomplishment in the 
English language. For instance, as a noun, 
laurels refer to the achievements earned or 
accomplished for which one is recognized (it 
can also be used as a verb). Perhaps most 
notably, those who are honored for excep-
tional achievements are bestowed the title of 
laureate (e.g., Nobel Laureate, poet laure-
ate). While it may be quite acceptable to rest 

on one’s laurels at the end of a long and dis-
tinguished career, the phrase can take on a 
less than positive tenor should one cease to 
make contributions to an area at an earlier 
age!

The palm leaf has served as an important 
symbol to Christians. Furthermore, the use 
of a fig leaf to cover those things that some 
might find to be objectionable or embarrass-
ing originated with the opening story of the 
Bible. The lotus (Nelumbo nucifera) leaf (not 
to be confused with water lily leaves) plays a 
prominent role in Indian culture and 
Hinduism (Kintaert 2010, 2011), while 
mango and banana leaves are made into gar-
lands that adorn entryways to Hindu houses 
and used in Hindu religious rituals. Likely 
originating in the British Isles, the belief that 
a clover leaf with four leaflets (the leaves of 
which normally consist of only three) imbues 
the individual who finds or possesses such a 
leaf with good luck is widespread.

Leaves have played a major role in art and 
architecture. Acanthus leaves were depicted 
in friezes and other architectural accents on 
buildings erected by ancient Greeks and 
Romans. Likewise, leaf scroll is often used 
as a border or decorative accent (see frontis-
piece image). Leaf motifs also appear in and 
on artworks (e.g., paintings, statuary, pot-
tery) or recurring on clothing (see the shirt 
worn by W. Adams in the photograph that 
accompanies his biography on p. XXXV), 
curtains, bedding, towels, wallpaper, etc. 
Even jewelry is fashioned in the shape of 
leaves or leaves in the abstract.

Some leaves have been important sources 
and drivers of commerce while also contrib-
uting to human suffering, social strife, politi-
cal upheaval, and revolution. Tobacco (genus 
Nicotiana), used by native Americans for 
thousands of years, became a major trade 
commodity following European colonization 
of America. During the 1600s and 1700s, 
large quantities of tobacco leaves were 
exported to England, playing no small part in 
the economic development of the American 
colonies (Chernow 2010). This boon to the 
colonies, however, came at the horrendous 

Leaves, Life, and Humanity



xxx

cost of immeasurable suffering and death to 
the many enslaved Africans working the 
fields of this labor-intensive crop. Much suf-
fering has also, of course, befallen those who 
use(d) tobacco for smoking, chewing, or 
snuffing. Such use is at the root of numerous 
diseases and deaths that affect not only the 
users but also society as a whole. It is esti-
mated that the negative economic impact of 
tobacco exceeds US$500 billion per annum 
(Ekpu and Brown 2015).

The leaves of Camellia sinensis, an ever-
green shrub from Asia, have been used by the 
Chinese to make tea for thousands of years. 
Tea also has a rich, although more recent, 
history in Korea, Japan, and other Asian coun-
tries. It became an important trading 
commodity following its introduction to 
Europe in the early 1600s, after which the 
forerunner of the East India Company was 
established to facilitate global trade in tea and 
many other products. Although this compa-
ny’s monopoly on tea trade with the American 
colonies, and the taxes imposed on the 
American colonies for this desired leaf, insti-
gated a pivotal party in the harbor of Boston 
that contributed to the start of the 
Revolutionary War and founding of the USA 
(Chernow 2004, 2010), the East India 
Company’s activities in other parts of the 
world were no less profound. The desire to 
control not only the trade in tea but also its 
production led to arrangements between the 
East India Company and Great Britain that 
brought the planting of tea to major regions of 
colonial India (and later Africa), contributing 
to the domination of these areas by the British 
Empire and the latter’s control of global trade.

Leaves from several species have been, 
and are used, for the psychoactive impact 
that they impart to the individuals who chew 
or brew them into teas (or in some cases con-
centrate the active ingredients for adminis-
tration through other means). These include 
coca, khat (qat, chat, or several other terms), 
betel, etc. Moreover, various pharmaceuti-
cals and medicines are, or at least were origi-
nally, derived from plant parts including the 
leaves of a number of species (e.g., menthol, 

digitalis [digoxin], caffeine, atropine, 
cocaine, eucalyptus oil, artemisinin). The 
use of the leaves (buds and flowers) of the 
marijuana plant Cannabis sativa (and its 
pharmacological derivatives tetrahydrocan-
nabinol and cannabidiol) for alleviation of 
nausea (e.g., associated with chemotherapy), 
pain, depression, anxiety, and symptoms of 
many medical conditions including 
Parkinson’s, Alzheimer’s, HIV/AIDS, glau-
coma, etc. has led to its legalization for med-
ical purposes in more than half of the USA 
and some countries (although growth of the 
plant and sale of its products may be 
restricted). Legalization of marijuana for 
recreational use has even occurred in a num-
ber of US states and a few countries, opening 
new entrepreneurial opportunities and addi-
tional sources of revenue for various levels 
of government.

Leaves have also played a role in the affairs 
of government and corporate entities. The 
maple leaf is widely employed as a symbol of 
Canada, appearing on its currency and the 
national flag, and is used as a logo by the air-
line Air Canada, professional ice hockey 
(Toronto Maple Leafs, Toronto Marlies, and 
Winnipeg Jets) and lacrosse (Toronto Rock) 
teams, and national teams (e.g., ice hockey, 
soccer, basketball, softball, ice skating, swim-
ming, skiing). The shamrock leaf is likewise a 
symbol associated with Ireland and many 
things Irish, as well as with several companies 
(Shamrock Foods, Shamrock Oil and Gas - 
Diamond Shamrock, etc.). In addition, leaves 
of various species have been featured on the 
currency of a number of other countries, 
including France, Germany, Japan, Poland, 
Australia, and the USA (van Wie 1999), and 
have been utilized in military service medals 
(Elder et al. 2003; Zabecki 2014). Recognizing 
the unique patterns that leaf veins display, 
Benjamin Franklin duplicated such designs 
on the currency of some colonial states and 
the first US currency in order to make it diffi-
cult for individuals to print counterfeit money 
(Isaacson 2003). In order to tout their “green” 
and sustainable approach to business, a num-
ber of corporations have the word leaf as part 
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of their name and/or utilize a leaf as their 
logo. One such example is the LEAF electric 
car, Nissan’s “zero emission” vehicle.

For all of their importance to life, the 
development of human civilization, and per-
vasiveness in culture, the scientific study of 
leaf function was slow to arise but acceler-
ated swiftly once an understanding of the 
nature of gases and their exchange between 
atmosphere and organism became estab-
lished. Theophrastus undertook a cataloging 
of the variety of leaf shapes in ancient Greece 
(Hort 1916), while Caroli Linnæi took it to a 
definitive level with the publication of 
Species Plantarum in 1753, founding mod-
ern taxonomy and instituting the binomial 
nomenclature of genus and species. However, 
such descriptions lacked any recognition of 
leaf function. The following (two paragraph) 
short history of research into leaf function 
has been compiled from several sources 
(Walker 1992; Govindjee and Krogmann 
2004; Lee 2017). Jan Baptist Van Helmont 
performed an experiment (published in 1648, 
4 years after his death) in which a 5-pound 
willow shoot was planted in 200 pounds of 
soil. After growing for 5 years, the willow 
weighed 169 pounds, but the soil had only 
lost 0.13 pounds (Hershey 1991). Although 
the weight gain by the tree was not yet attrib-
uted to carbon dioxide acquired from the air 
(only water added to the soil was implicated 
at the time), the stage was set for elucidating 
leaf function during the following century. In 
1727, Stephen Hales published a volume 
describing his observations of leaves inter-
acting with the atmosphere, including their 
loss of water vapor to the surrounding air 
(i.e., transpiration; he surmised that plants 
were able to move water through their tissues 
and that leaves were involved) and their abil-
ity to reduce the volume of surrounding air 
in a closed container (an impact for which he 
was unable to provide an adequate explana-
tion). Although Hales speculated that leaves 
were important for provision of something 
from the air that was essential to the plant 
and that light might also be important in  
that provisioning, he did not have the  

wherewithal to put everything together in a 
meaningful way.

In 1754, Charles Bonnet suggested that 
leaves absorb gas (after observing bubbles 
exuded by illuminated leaves underwater), 
and Joseph Priestley, using a device previ-
ously employed by Hales, subsequently dem-
onstrated that plants could produce a gaseous 
substance (later identified as oxygen) that 
permitted a mouse to live or a candle to burn 
in a sealed enclosure. Antoine Lavoisier, 
after learning of these results (as well as 
those of Carl Wilhelm Scheele), realized that 
air was comprised of at least two different 
gases (oxygen and nitrogen). Following on 
all of these findings, the Dutch scientist Jan 
Ingen-Housz conducted many experiments 
showing that those parts of a plant that are 
green produce oxygen (as it would later be 
called) when they are illuminated with light 
and produce much smaller amounts of a dif-
ferent gas (later identified as carbon dioxide) 
in darkness. By the end of the eighteenth 
century, Ingen-Housz had clarified not only 
the role of light in photosynthesis but also 
suggested that carbon accumulated in plants 
comes from absorbed CO2 (the concomitant 
absorption of CO2 and production of O2 by 
leaves during photosynthesis were demon-
strated by Jean Senebier during the 1780s). 
Shortly thereafter, Nicolas Theodore de 
Saussure conducted experiments leading 
him to surmise that water was a direct par-
ticipant in the process of photosynthesis; he 
also experimented with cactus cladodes, 
revealing the essential gas exchange features 
of what would come to be known as 
Crassulacean acid metabolism (see Chapter 
10) a century and a half later.

Following earlier characterizations of 
plant anatomy by Marcello Malpighi (1675) 
and Nehemiah Grew (1682), a structure-
function view of the leaf was put on a firm 
footing by Gottlieb Haberlandt (1884; and 
subsequent revisions drawing also upon 
Schimper 1898). Ten years later, Dixon and 
Joly (1894) put forth the hypothesis that 
water in leaf cell walls transitioning from liq-
uid into vapor followed by its transpirational 
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loss via stomata at the leaf-atmosphere 
boundary resulted in the drawing of water 
up through the xylem portion of a plant’s 
vascular tissue (due to the cohesion of water 
molecules for one another). Whereas this 
cohesion-tension mechanism of water move-
ment through the tracheary elements of the 
xylem involves a pressure potential gradient 
that becomes increasingly more negative 
from soil through the leaves and into the 
atmosphere, movement of sugars (the prod-
uct of photosynthesis) from the leaves to dis-
tant sinks in the plant involves a positive 
pressure potential gradient. As proposed by 
Ernst Münch (1930), sugars in high concen-
tration near the site of synthesis accumulate 
in the phloem of the leaf and water, moving 
from higher concentration in neighboring 
cells (e.g., the xylem) to lower concentration 
in the phloem (filled with sugars), increase 
the pressure potential in the phloem. Sugars 
are simultaneously being removed from the 
phloem of distant sinks (e.g., fruits, roots), as 
well as along the intervening route, and 
water follows those sugars moving from the 
phloem into the surrounding tissues, thereby 
lowering the pressure potential of the phloem 
at those sites. The sugar-laden sap in the 
sieve tubes (sieve elements aligned end to 
end) thus moves under positive pressure 
from sites of sugar loading (where the 
phloem sap is under higher pressure) to sites 
of sugar unloading (where the phloem sap is 
under lower pressure).

In summary, the leaf is an organ optimized 
for capturing sunlight and safely using that 
energy through the process of photosynthe-
sis to drive the productivity of the plant and, 
through plants’ position as primary produc-
ers, that of Earth’s biosphere. It is an exqui-
site organ composed of multiple tissues, 
each with unique functions, working syner-
gistically to (1) deliver water, nutrients, sig-
nals, and sometimes energy-rich carbon 
compounds throughout the leaf (xylem), (2) 
deliver energy-rich carbon molecules and 
signals to the leaf during its development 
and then from the leaf to the plant once the 

leaf has matured (phloem), (3) regulate 
exchange of gasses between the leaf and the 
atmosphere (epidermis and stomata), (4) 
modulate the radiation that penetrates into 
the leaf tissues (trichomes, the cuticle, and 
its underlying epidermis), (5) harvest the 
energy of visible sunlight to transform water 
and carbon dioxide into energy-rich sugars 
or sugar alcohols for export to the rest of the 
plant (palisade and spongy mesophyll), and 
(6) store sugars and/or starch during the day 
to feed the plant during the night and/or acids 
during the night to support light-driven pho-
tosynthesis during the day (palisade and 
spongy mesophyll). Various regulatory con-
trols that have been acted upon through the 
evolutionary history of each plant species 
result in an incredible diversity of leaf form 
across the plant kingdom. Genetic program-
ming is also flexible in allowing acclimatory 
phenotypic adjustments that optimize leaf 
functioning in response to a particular set of 
environmental conditions and biotic influ-
ences experienced by the plant. Moreover, 
leaves and the primary processes carried out 
by the leaf respond to changes in their envi-
ronment, and the status of the plant, through 
multiple regulatory networks over time 
scales ranging from seconds to seasons. This 
book brings together the findings from labo-
ratories at the forefront of research into vari-
ous aspects of leaf function and particularly 
in relationship to photosynthesis.
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