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CO, diffusion into leaves
is restricted by stomatal
resistance to diffusion.
Inverse of resistance is
Stomatal conductance, g,

At the level of the individual leaf

Microscopic
pores called
stomata,

allow CO, to

From Fick’s Law:
be gained by G
the leaf, but I Stomata g, (C, - Cj)=A
water vapour i
to be lost, ll.
Rate of CO, assimilation, A
Fig. 1 Fig. 2

LA L, ZOFEICALHN, £ FERDECELLHYES L L TOREAONT
BifiLLwkBuvwEd,

RAIXIMATIEIZ, =2 b5 7RH LIRS 2 % 2= =7 HOMEE, Fr5—
PCAETAELA(Fig 3). TTAL. Rl A27 =7 IMGOREISHES 1
FIZRAHDITY, #(Fig 4)id, BTN T TMNOHIZ LTWE LR

132

Commemorative Lectures

The Magical Mystery Tour from Physics and
Applied Mathematics to Plant Physiology
Graham Farquhar

It is a great honour to receive the Kyoto Prize for Basic Sciences for 2017 in the
field of Biological Sciences. I am very grateful to the Inamori Foundation for having
chosen me. I am also very happy to have this opportunity to present what we have been
doing over the past 47 years in environmental biophysics and plant physiology.

When plants started extensively colonising the land in the Devonian, 420 Ma
(million years ago), they gained access to light and nutrients, but exposed themselves to
the danger of desiccation. They evolved a waterproof outer cuticle with small openings,
called stomata, to allow, and control the rate of, the inward diffusion of atmospheric
carbon dioxide. Inevitably, water vapour escapes from the leaf through the stomata
when they are open (Figs. 1, 2). This introduces a fundamental dilemma for plants: how
to organise the stomatal opening in such a way that, somehow, carbon dioxide uptake is
maximal, but water loss is minimal. This dilemma, and the ways in which plants have
solved it, is fundamental to plant success, and is a basic feature determining ecosystem
organisation, and agricultural crop yield.

But first my own origins and evolution as a plant scientist.

I was born in 1947 in Hobart, the capital of Tasmania, the island state to the south
of Australia (Fig. 3)—and yes, that makes me the first Kyoto Prize winner born in
Oceania. My mother (Fig. 4) was a primary school teacher until I was born, and my

Betty Ella Farquhar,
(née Smith) 1946

Fig. 3 Fig. 4

father (Fig. 5) was studying agricultural science (Fig. 6). This involved us moving
between Hobart, Melbourne, and Horsham in western Victoria. After graduating (Fig. 7),
he became an agricultural extension agent in the Huon Valley, south of Hobart, taking
scientific developments to farmers, and presumably informing the scientists of
successful initiatives by the farmers.

Both my parents had grown up ‘on the land’, i.e. on farms. Mum'’s father was a
contractor doing chaff-cutting (Fig. 8), grain grading etc—he owned various machines
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Reginald Noel Farquhar

with Graham at 5 weeks

old. Jun 1948) Reg Farqubar (sccond from left). Agricultural College 1948
Fig. 5 Fig. 6

L (Fig. 5)DRFERFETEATW(Fig. 6)7:012, F7-BH T3, ko=, A
VRV 7, 3HIZIZEZ Y THHOR—2 v ANERBVEA T Lz, KER¥ER
(Fig. T)OXid, F73— FHiBICH H G 7 - S —TRFESR G RFHIHDLS
SERERY, BREDANZBISH LWRSFEHR A TwE Lz LELEDO—HT,
HEEEOANBIZE, BEOHTONIE{ZZ TWwW b Lt Bbh 34,

M ICRERTAETIAEL T L, oM. FLEOWE (Fig 8)%
BHOEIMEEZFH TR TV I Lz (E3HH A WA RBRAZIIA L Tw0
T TORBEEZEDToOWCAFIOAETRE) CLbHD T Lz Periiie—
NAY— (IR, TLEAYMT2Fv7 - Ay ¥—Di3h, AESBETHL + 5
2 %—(Fig. 9)3 2, 3EFHELTWwE L, FLHLORIZIZS— FERNED
AolzFobELBDFELE,

L DML 19304 MJI“JM\M?‘?LCD ARV EICIH T, sl
T2, HEb RS CTHITREZHAZ ) LTwizzn, MRS 4 Wl

New graduoate. Reg, with Betry & Graham (1950) Sydney Smith's chafl cutter 1941
Fig. 7 Fig. 8
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Steam traction engine

Museums Victoria Collections

hitps//eollectisns museumvictoriacom.an/items/ 406377
Accessed (5 October 2017 Reginald Noe! Farquhar (centre) and his brothers, 1946

Fig. 9 Fig. 10

The first Vauxhall
(Wyvern?),
Hobart

The second
Vauxhall, a Velox,
looked like this in
Burnic

and sometimes employed a number of people to help operate them. He owned a couple
of traction engines (steam-powered, Fig. 9) with a stone crushing plant and a harvester
and a chaffcutter. There was an oat drum and a wheat drum.

On Dad’s side, his father often had to leave home during the 1930s Depression, to
work in tin mines, or run a general store at a remote mining site, leaving my
grandmother and Dad and his three brothers (Fig. 10) to run the small farm. Dad left
school in seventh grade and it was only thanks to rehabilitation opportunities after the
War (WWII) that he was able to finish high school, and gain admission to university.

In about 1951 we moved from Hobart to Burnie on Tasmania’s northwest coast.
Dad was the District Agricultural Officer. We had a green Vauxhall Velox car (probably a
1948 model, Fig. 11) that was also used to visit the farmers in the region. Dad carried
bags of superphosphate and of molybdenum in the boot of the car, as molybdenum,
although a trace element, was a common soil deficiency at the time in the old Australian
soils. Sometimes he'd be given bags of ‘spuds’ (potatoes) by grateful farmers. My first
brother, David (Figs. 12, 13), was born in 1952. Some weekends or holidays we would
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(Fig. 10)i&. T2t HTHEEZ L THT2BD > T Lz RiZ7HEETE
HBEROTL I o72OTTH, BRIEFRORBICEAIGED Sz Bh T TRk
REL. REICEFTELIEICRNELL,

1951425, Bz 5HTd. FN—= bbby 27 =7 MILMOTEEICH B 23—
=—ZF|oM L, &I TRIHIREEEM Y1 (District Agricultural Officer) & LT
@ EadF Lize RAKIZIE, 7V -2 DOFRZRAF—L - ROy 7 A (BF5 {1948
R, Fig 11) 2 Wi #ididh o T, RIZZOETHEOMFEDOFML LTwE L
) b5 2 212iE. @) YERIERE ) TF Y O A8 L IATH D F L
720 BN T T VIEARTCHETTA, YDA —A b ) TOHEIZIZZNAIRZELT

ENL LK BHHT2DTY . 720 BROANZLDLBHUUCH) IZHE—HDTx o

EELHHITLHDHY F LA 19524121, BT STFosaoFE y F(Fig 12,
13) At EhE Lz MERLKHIZRS LR —RiL, E{ CREZHLBREIC
Y LRI To 72 DT,

19564F12, KdA— A b7 ) TR W 7E8HE (CSIRO) (2 L £ L 7=
LEDEANWRN A Yy 2h RS, ARTFLERBYLIZAT, b
B R OETEETHI EICAN T L, RTINS EICED E,

B3P/ Toa—a— A B HDT—F N REICAEL, TOB. BF¥T
BlLeltiteZ G LE Lz B2 —%KI37 X)) A CHEZ LT, 248550
(Fig. 14)1960%EIZ ANVEN AR F L7,

1961 IR v F/ YEBRICAZL, £2TC YFy—F-YF+—X
(Richard Richards) (Fig. 15) (5 H. SZICETLATE A% FELWEEIZD
LIEE)ICHEWI T, TO%k 4 NP2 FOREEEZH/T, Y X)) —-

Brother David
born in 1952

Fig. 12 Fig. 13

Graham with
young David. 1953
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‘ a" Richard

S v o Richards

o

Graham
Farquhar

MeKinnon
High Schoal
1961

i ostet on o AME TALEN ELIZARETH

Sailing from New York to England 1960 !
Fig. 14 Fig. 15
visit our relatives on nearby farms.

Dad took a job in the Commonwealth Scientific and Industrial Research
Organisation (CSIRO) in Melbourne in 1956, just in time for the Olympic Games and
the arrival of (black and white) television. We became very suburban. Then in 1958 Dad
received scholarships to study at Cornell University in Ithaca, New York State, for a
Masters and then a Doctorate in Education. After two and a half years (Fig. 14), we
returned to Melbourne in 1960 with broadened horizons.

I went to McKinnon High School in 1961, where [ met Richard Richards (Fig. 15)
(here today, more later). I won a scholarship to a private school, Wesley College, which
funded me for four years.

As a child 1 often had asthma, particularly in the spring, and when [ was 14, [ was
confined to bed for a week. My father had just returned from a work trip to the U.S. and
gave me a text on biology, saying that biophysics was the new, exciting, emerging
discipline, analogous to biochemistry. Apart from it being an application of physics to
biology, we knew little about it. In retrospect it could as easily have meant the
application of biology to physics. The novelty appealed to me and I read the text with
interest. Dad sought advice from Ralph Slatyer (Fig. 16), then a leading CSIRO scientist
working on plant water relations, and Ralph said I should do physics first and then pick
up the needed biology.

At the end of 1963, my mathematics master advised me to take terminal
mathematics, as he assessed that 1 had no aptitude for it. Stubbornly 1 chose to do the
two mathematics courses for those students who wanted to go on in science. The
Beatles came to Melbourne for four days in 1964 and electrified the city with I Saw Her
Standing There, You Can’t Do That, All My Loving, She Loves You, Till There Was You,
Roll Over Beethoven, Can’t Buy Me Love, Twist And Shout and Long Tall Sally. The
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HLy TEWIRTRIZAFLE L,

FHDZ AORI D UWEOREEET LTWE Lz HCHEIREND L
C I4RDOBFHZIE 1 MEEAATLEVWE Lz, B i) L2008 721 H~oiik
PORS LN BARTIEWFEOLREEH-oTET(NELE, £2LT3H
Bo7cDTY, Bol, EWWHEL G, AbFEAORRIE FERD v Fhi A
o HEPEIWHEER IS L2 b O L) T RS BB ToEMizowTiE
EAEMBAN FHATL, S THZIE WA EYR2IEH L Lo T
BRI D S7:D T, TOFL SITLEINRIT, KEE-TE TN ERR%
FHPTHAL Lze 4K, CSIROZET A2FEE T, L KOMBEMRLT
W77 « A7 v v —(Ralph Slatyer) (Fig. 16)iZXAADMERKIZOVTHIZR
L7z& 25, lid, 3RS EMm L TH 5o, FRIUSUER S Eo 51 2 i3
Zuvnwk#ztihilLL,

19634EK., FAZEEZH 2 TR TWRENIA, FICIZEEOF A vhs k.,
KEEAHH & REEBROBEEE NS LD T NZE Lz LOLRIZZEDT K234
AW E LTHDT, FHEGICHEA IV E W AT OB 2 FFHIG 2 &
L7z T 19644, 4 HHMOAHD7=DIZE— PV AR o TEZZANFL ST
B ATA - I—= = ZAF T T BT (2= T B - Hy )
(A=W =4 -4 07) {¥—-FFX-2=) (F1I:-8F -7Z.2-),
(A= F—=28— e R=p—F ) (Fx b ] I=-F) (VA -
TZF 27 b ADo 20 —) Lol b OFEICHEPIR LATVE
Lo 22X — - ALy I TREEEZ LS ) TENTELBNITT, 196551 [
AYFAY— -3 M)Falb—var], 2F ) ERPFEQIEELRY KT L4
T&727, ML, WEREEO L OIZLERBA DI, HERPEEEPF WS
SHHZEIRLE Lo (EH53)MMA R - 720 T, Wl L HEnEr 21
PRLATRICY ) — AW P20 BTHEI D& F Lz, FLTEED. Mo
HY ) —EHATH bWE Lz, 2OXREDEZFIMEINE 700 B
T ARE SO ANESA S TETOID b ) TEAD, SENIEEET
HOBEENS 2 EATE E L, b0l 2% 0 (ROBE 1) D3RR
LI EERFH LT Vo 0fid. S EREShTOWERATLY, O
2HHDHDA Ty b (Fig. 17)1%, 19655, BAKFEICAFTHHERICETNEL
1o
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scholarship to Wesley facilitated a “second-year matriculation” in 1965, i.e. a repeat of
the final twelfth grade, in which I took a couple of courses, namely social studies and
biology, outside the usual classes needed for straight physical sciences. 1 did well (in
both) and that gave me some confidence that I could return to biology aiter a degree in
physics and mathematics. I also repeated the mathematics with a different teacher.
Whether it was the more creative teaching, or my own mathematical maturing, I did
better now in maths. Piaget's work showing that we all go through developmental stages
in learning, say, mathematics, had not yet been published. My second brother, Scott
(Fig. 17), was born in Melbourne in 1965, just before I entered university.

-

= :E&f}l:-: Brother Scoit born in 1968 in Melboiirne
Fig. 16 Fig. 17

I enrolled at the new Monash University, which was then making the transition
from being nicknamed ‘The Farm’, to “The Discotech’ (Beatles Revolver album was all
the rage), and later becoming home to many Australian opponents of the Vietnam War
(though of course the majority of students were comparatively conservative).

In the 1966 summer holidays I worked at the CSIRO Division of Chemical Physics
as a laboratory technician, with the aim of improving electron microscope electrodes. |
worked on both practical and theoretical aspects, but don’t think I made much progress.
Nevertheless, one of the scientists casually mentioned one day that [ would make a
good scientist, as I had “the right temperament”. I took this right to heart, especially in
my second and third years where some of the physics seemed so far from relevance to
biology, and I took a lot of interest in other non-academic pursuits. I may not have been
getting the best marks, but 1 was going to make a good scientist! [Or thus I defended
and protected myself]. Looking back at the classes, one that seemed rather less
structured than, say, the theory of electricity and magnetism, but was of great value to
my thinking, was led by a senior professor named Street. He wanted us to be able to

make rough estimates, “ball-park” estimates, of physical phenomena. A woman walks
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i [R5 [F4 23] (= FULZOT AL, [VELS—] Ak y b L
TWELRIZEDLDD2H ) F LA KEIZZOKFIL. £ OR M LRSI
MIROWPIZ > TOEF L2 (B BBA. KEOFEIFESL S E W) LRETHT
L)

19664EDEIRAIT, FAIXCSIROD LA FLF R CHBRBY T & L <, BT Hsin
Wi fOURE HWE LRI Y F L, Comfgeicid. S L Mo
THb-72b0D, BHAELTIE, XLA2RELHIFbhEhot b BoT L
720 EXHDBHHH. HAHFFED B [FHEATATWS | VDRI A
REGRIMIRD F L7z EFVETOL, 2OYME, WAL S LT
NSRRI, FRIPHCRE AL AR L S 2k o TV b T
T BRI —H/ TR A D700 LAnds, 2o LESLREZIZIRARS 113
15, LHOERELZOTT, MROREEZRWRLTAS L, BAMSARoREIYr
FROIEBA LD 572 b DD, BOEZ IR E LR G2 72005 A R — b
&) SERLDEARDBHT Lice TOBFUIR DA, WHBIS I >V TR
TELEITRDBIVESVE L, 2L 2E —AOTHSRIZAS I E LT
WET, 2T, WLOFADHVIZEN L EFTIZEWEVED L SuhhbTL &
I ToAEFDTry PCR=LV2dTHF LI 8T, 949 bOF v MEFEwns-
WEDLHWEELTL L), LV BT AEEEZD2DTT, 4 TIESHL
PeRENEDWRIHNAA TN THEDT, HHOKE S, 2 ) biRaRe KA
2l 27— L LTOREIL, oS HICELTHETAZ LA TE 4,

= bVZHR [RIUAN - 325 = 97 =] L) PANLERELT1967
FEOR, BMOLKEF v oRFIIBAZ LIZRDF L fE. BF v v aksst?
FMFALZERDII684II, A=A b TV TEV Y (ANU) D 3454 & | Chpiies >
BFEFRIEISRD LI LIANEOTAHIL DL, EWEDIEHA LW
LB £ I2% 57D TY, YRR L HERPEEOFRAR 4 228 v S EcEd v
T2 RA. BIGRAEWRE L v b0 bR L LT S DT A
EBADERI X520 T L2 HLWKEZBY., FLOEAZES 2 uEA
B BRo729 2T, BAHIETAEWAIZZ L2 L WP ORED R r o DOH L5
POPLRLRoIRIL, FIFEICHEDN AL LR o T, HBROBED TA-TLEW
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into a room: how long roughly before we can smell her perfume? A tennis player hits a
ball with a racquet: approximately how much do the strings bend? That way of thinking
is embedded in my brain now, and I have become very quick and almost automated at
mentally checking magnitudes of numbers, particularly those associated with data on
photosynthesis, or water use.

At the end of 1967, the Beatles released Magical Mystery Tour, and my father was
moved to Canberra. So after two years at Monash, in 1968 I enrolled at the Australian
National University for third year physics and mathematics. I was starting to yearn for
the biological applications. I was struck that there were separate Departments of
Physics and Theoretical Physics. This made me wonder whether theoretical biophysics
would ever be a recognized field. Changing universities, having to make new friends,
and failing to see how all the physics would help my future biology, I didn’t apply myself
fully, and performed poorly in the exams. I had been warned by the best students in the
year that [ needed to work harder. There was only one unit in which I did well,
Thermodynamics and Statistical Mechanics—which happened to be the only unit that
set an open book exam. 1 still find thermodynamics difficult, but statistical treatments
make more sense. [ would get my degree, but only be allowed to continue to fourth year
(Honours) at ANU if | worked on shock tubes, the Physics Department research
specialty at the time. But so far from biology!

1 saw an advertisement for honours year scholarships in Biophysics at the University
of Queensland. My field!, and it was offering AS1500 salary for the year (this was 1969-
Armstrong and Aldrin walked on the moon in July)! [ won one of the scholarships and thus
began the real transition. We did introductory courses in plant physiology, biochemistry
and membrane biophysics. | was offered a research project to measure the humidity
inside a leaf, which would have involved inserting wet and dry bulb psychrometers
through a stomatal pore. When I worked out that the typical pore dimensions are a few
microns, [ knew from my experience welding wires for electron microscopes that the
proposed project was impossible and I changed supervisors. The research project I was
next given was on bioelectricity in plants, my plant being a jungle liana. The best thing that
year was that I met Professor Champ Tanner (Fig. 18), a Member of the US National
Academy of Sciences, and an expert on soil physics and micrometeorology, who on
sabbatical in Queensland from Wisconsin. [ was welcomed into his family by his wife
Katie, and three of his children, one of whom, Myron, is here today.

I didn’t get First Class Honours, the overall assessment being that I was a
dilettante (Fig.19), but I did gain a Ph.D. scholarship to join Ralph Slatyer’s new
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Fig. 18 Fig. 19

Honours Biophysics University of Queenstind 1969 (GDF with har)

Department of Environmental Biology in the Research School of Biological Sciences,
part of the Institute of Advanced Studies at the ANU. In retrospect 1 was lucky. I doubt
whether I would be given the opportunity today to do a Ph.D. without a First Class
Honours degree. 1 suspect the opportunity came in the form of a reference letter that
Champ Tanner sent to Ralph Slatyer. Champ also offered me a Ph.D. scholarship te
Madison, but I wanted to return to Canberra.

Nevertheless, I did learn quite a bit in my year spent in Brisbane. After my near
miss in 3rd year physics at Canberra, I was determined that I should spend at least 35
hours a week on biophysics, the same amount of time as other workers spent on their
jobs. 1 tried to keep track of the amount of time [ was really working, and ignored time
spent day-dreaming, chatting, walking, eating, doing administration—not that we had
much—and discovered that [ was well short of 35. It was only when [ immersed myself
in writing the honours thesis that the numbers picked up (and I made scientific
progress). Another piece of 1969 luck was that one evening I snuck into a theatre half-
way through a performance by a touring group of Bolshoi dancers. I was thrilled by
them, and next night paid for two tickets to take a friend.

Back at ANU in 1970, this time in a first-rate research atmosphere that
Environmental Biology exemplified, I worked with Tony Fischer & visitor Ted Hsiao,
who together at UC, Davis had shown that potassium is the cation responsible for
increasing osmotic pressure in opening guard cells of stomata, unaware that this had
previously been discovered here in Japan by Imamura and by Fujino. 1 worked with
epidermal peels taken from leaves examining the role of the subsidiary cells. Their back
pressure on stomatal guard cells reduces the aperture of the pore. It was a nice
empirical study that was never written up, but gave me a feel for the apparent variety of
orientation of the cells, their sizes, and raised questions like the role of the subsidiary
cells.

lan Cowan (Fig. 20), a physicist, became my supervisor. In my first meeting with
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lan Cowan alter

arriving in
Australia in the
960s

Fig. 20

hin, he asked me what my ambition was for my Ph.D. and for my research. I replied
that I wanted to make the desert bloom. Of course I cringe today. lan said that he
thought that was a wonderful ambition, but wondered to me what was going to get me
out of bed on a Tuesday. We agreed I should work on stomata and he admonished me to
know backwards the Penman-Monteith equation (for evaporation rate of a canopy).

Ian was working on the relative role of stomata in CO2 assimilation and
transpiration. The whole leaf measure of average stomatal opening is given by the
stomatal conductance to diffusion, basically equaling the ratio of flux of water vapour out
of the leaf (transpiration rate) to the gradient of water vapour concentration driving it.
He had seen stomatal conductance oscillate with a period of about forty minutes and
had published the results. I too had seen damped oscillations in the short-circuit
currents I had measured in my liana in Queensland. I took the time to write up the paper
with my former supervisor, and we submitted it to Nature. The editor wrote a warm,
courteous letter suggesting to us that it might be better suited to a more specialized
journal. Couldn’t he see how interesting it was? We had more luck with the Journal of
Experimental Botany. My first paper was based on my honours thesis—not bad for a
dilettante.

[an was working on a model of the mechanism of stomatal oscillations, and
published a brilliant paper on the topic in Planta in 1972. In the same year he also
published on heat and mass transfer in the leaf boundary layer and was also busy
working on the micrometeorology of grape vines. We agreed that I should develop
apparatus to measure whole plant gas exchange, characterize the conditions under
which oscillations occurred, and then perform an engineering style analysis of the
stable stomatal system by perturbing humidity sinusoidally. This involved working
closely for months with a wonderful self-trained technician, Eric McGruddy, to build our
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Fig. 21

‘race-track,’ a closed loop wind-tunnel (Fig. 21) where the rate of transpiration was
measured by the amount of dry air that had to be injected to keep the humidity constant,
and the rate of COz assimilation by the amount of COz that had to be added to keep its
concentration constant. I nearly killed Eric accidentally one day when 1 supplied
electrical power to the wrong component when he was working on it. He was so
experienced, thank goodness, that by habit he first touched things with the back of his
hand, It through his hand off. “You'll never get a Ph.D.!” he often said, affectionately, but
thanks to him I did.

Nevertheless, at one stage in 1971 1 was convinced the Ph.D. was a lost cause.
Peter Hopmans in Holland published an 86-page opus on stomatal rhythms, including
nearly all the kinds of data I had been gathering. It was a disaster, I thought. Funnily
enough, it prompted us to do something completely novel. lan suggested that we try to
break the feedback loop involving stomatal conductance and transpiration rate. If we
had an oscillating system, could we, by modifying the humidity, wrest control of
transpiration rate away from stomatal conductance, and would a constant transpiration
rate then cause the stomatal conductance to stabilize? It was a tough thing to achieve
experimentally, but it worked. I always tell that story to students and post-docs: when
you are scooped it saves you time from writing up what others are already working on,
and forces you to be more creative. Looking at the data again, I wonder whether a
diurnal rhythm may have worked in our favour. The experiment needs repeating!

I did examine the responses of cotton stomata to sinusoidal perturbations of
humidity and of CO-. In writing up the thesis I speculated in a primitive way about
optimal stomatal behavior. If stomatal conductance were optimal then I argued that the
positive benefit P in terms of increased COz assimilation rate 4A if stomata were to open
slightly, must be somehow balanced by a negative benefit (cost) N of increased
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evaporation rate 0E (POA=NOE), and I briefly looked at some implications. Ian said he
didn’t really follow the argument, which was a real worry to me as he was the smartest
person I had met, but that I should keep it in the thesis. The latter was submitted and
finally passed in May 1973.

In parallel with all this science [ had an unusual hobby. After seeing the Bolshoi in
Brishane, and returning to Canberra, [ started learning classical ballet in 1970 at the
same time as I started my Ph.D. I made great friends, one of whom, Brian Smith, is here
today. We danced in a lot of shows (Fig. 22), and then Brian left and eventually joined
the French Foreign Legion (Fig. 23). I started a dance group at the University (National
University Dance Ensemble, NUDE), and I organized the dance programme for a
Festival of University Arts, involving dance groups from around Australia, and
performed in a mime piece myself. The combination of dance and biophysics was a
good one. Before leaving for a post-doctoral position in the U.S. I gave a dedicated copy
of my thesis to my ballet teachers, Bryan Lawrence and Janet Karin.

Brian Smith in the
French Foreign
Legion

1971 Faust
Fig. 22 Fig. 23

Again I was lucky. I had only one publication, with nothing from my Ph.D. thesis,
and yet somehow [ had a contract for a Research Associateship with the Michigan State
University/U.S. Atomic Energy Commission Plant Research Laboratory (PRL) in East
Lansing, Michigan. Luck was in the form of the reference letter that Ralph Slatyer had
written to my new supervisor, Klaus Raschke (Fig. 24).

My trip to the PRL was wonderful: Singapore, Hong Kong, Tokyo by plane, then
boat from Yokohama to Nakhodka (near Vladivostok), and train to Khabarovsk, and by
hard class on the Trans-Siberian Railway to Moscow with stops at Irkutsk near Lake
Baikal, and Novosibirsk, where on an enormously wide stage [ saw the ballet Romeo and
Juliet with music by Prokofiev; then the Bolshoi Theatre in Moscow and the Kirov in
Leningrad. Train to Warsaw and East Berlin, and then Paris, and flights to London and
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finally to East Lansing where I arrived in time for July 4th celebrations, 1973.

Klaus was the world leader in research on stomata, and a superb experimentalist.
He made me a more rounded plant physiologist. He urged me to publish my thesis as a
whole (under my own name), but I felt that would be unfair to Ian Cowan. Klaus was
generous and gave me time to wrile up the work with Ian on oscillations and the
feedback loop involving water relations. It was published in 1974 in Plant Physiology. My
first task at the PRL was to review experiments that Klaus had done with Joe Gale from
Israel. They appeared to show that there was a mesophyll cell resistance to transpiration
that was sensitive to the concentration of COz, but Klaus himself was suspicious. This
was not the nicest way to start our relationship, with me having to ask all sorts of
skeptical questions about his experimental techniques. But Klaus’ suspicions were well-
founded and after some time 1 discovered that the CO2 was broadening the absorption
lines for water, elsewhere in the infrared, that we were monitoring for transpiration.

In Canberra most gas exchange data were accumulated on ink chart recorders,
although we had toward the end used an EAI-TR10 analog computer (Fig. 25), which
had gold connectors, one multiplier, and one other non-linear element, and a patchwork
of wires. Klaus gave me the job of connecting his gas exchange system to a new, digital
computer. I drove to San Francisco in my blue Opel GT to learn how the computer and
some of its peripherals worked. When the system arrived (Fig. 26) it was the size of two
large filing cabinets. Klaus had paid extra for a 50% memory enhancement, and this
brought us from 8kb to 12kb core. Each change to the program involved passing about
a dozen paper tapes. But when it was working it was a real boon. To be able to follow
experiments in detail as they happened was much more mentally stimulating than

calculating the results days later.

We used
an HP 9601
setup

EALTRIO
analog
computer

Fig. 25 Fig. 26
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MSU Plant Research Laboratory 1975
Fig. 27

Rancing with the
MSU Orchesis

Fig. 28 Fig. 29

The time in East Lansing started passing more quickly (Fig. 27). I was promoted
to a Research Specialist, I saw a lot of my Tanner “family” in Madison (Fig. 28), and
enjoyed occasional weekends in Chicago, whose Art Museum [ loved. I danced with the
MSU Orchesis group (Fig. 29), and also with the Lansing Ballet. In 1974 T went to New
York City and started taking classes there for a couple of weeks, but recognized that as
a dancer, | made a wonderful plant biophysicist. I was just lucky that males at that time
had many more opportunities in dance than males have today, or than women had then
and now.

I received a letter from Ian Cowan. In an elegant manner he had solved the
problem of optimality of stomatal behavior; he showed that for a given amount of water
transpired in a day, the greatest uptake of CO: requires that 0E/0A=R’, where R’ he
generously acknowledged in what became his 1977 opus was the same as my P/N. [ was
keen to get back to Canberra. I visited Australia in January of 1976 to attend the
wedding of my brother David to Jean. 1 applied unsuccessfully for a job at CSIRO Plant
Industry. Then a position as a Research Fellow was advertised in Ralph Slatyer’s
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Department. I managed to tie with Dave Sheriff, who had published more than my (still
only) two papers, for the position and somehow they allowed us to share the position,
each fully paid, sharing one technician.

[ said goodbye to Klaus, of whom I had grown quite fond. We continued to work
together via snail mail, and eventually published four papers together in 1978. We
(including his family) remain close friends and [ visited and stayed with him near
Gottingen last year. He turns 90 in January 2018.

The trip back to Australia in mid-1976 was via Bombay, Peking, Shanghai and
Canton (using their old anglicised spellings), preceded hy a month working with lan in
Wiirzburg, where he was on sabbatical with Prof Otto Lange (who sadly died in August),
followed by a week in Greece. ANU kindly paid for the time in Wiirzburg, I think. lan
and I worked on the optimisation, and I recognised his argument was a simple example
of the calculus of variations. My P/N and his R’ were now the Lagrange multiplier, A
(Fig. 30). This made matters conceptually easier and an updated version was eventually
published, but again not until 1977. Since the theory depended on knowing what the rate
of photosynthesis, A, would be if stomatal conductance were different, and....we had to
use a mathematical model of photosynthesis, and chose that of Tony Hall. lan modified it,
but felt that it needed more work, and suggested that I probably ought to do it.

Once back at the ANU I drew up plans for an automated gas exchange system,
like that of Klaus, where photosynthesis and transpiration could be measured separately
on the two sides of a leaf. While we waited for access to machinists and other technical
support, I used a potometer, basically a tube connected to a plant stem, where the rate of
water uptake is monitored by measuring the speed of movement of a bubble through a
capillary attached to the tube. I examined the effects of the hormone abscisic acid on
stomatal responses to humidity. In writing it up, I enquired about statistical tests needed

PRI poy

M 188 ocHT
EMIRNTA AT e

—

IESBA=A
1977

INTEGRATION OF ACTIVITY
N THE HIGHER PLANT

M n s

L —
EARIDG. 11 Tt Ui s

Fig 30



@il Gl

AL TANE Lz A 7 ¥ LRIRBGE{LIZI) LA TOZD TR, Hodikht

BHEODLRN RFWEIZEE VS Z EITRIIET & F L BB 22N B
DR'\E. 777288 ) (Fig. 30) TL7. SR, f-boWfEizL: - T,
ST ST RMEABESIICIZ L N2 b DL LD, BBV O 5
’i‘%&"’;‘é‘i‘é#‘)t’r"*ﬁ”?’ﬁ SRS %ff)-;éfd;tlE???JPi'C“biﬂH BNELR SO
HROKEE, T2 > ¥ 7 & AR% 288, BABEEARE D %5000
DBENE ) NPTVl ﬂ.;’:f EHEERDOEPEEF N E b &2 %1
b, b=— — W (Tony Hal) DFEFNV#*FHTAZ EICLEL:. AT~
ﬁzw%?w¢%ELf<h%m?Tﬁ.%o&ﬁﬁtth#mmkﬂ%Ltﬁd\
AL T HAREZEBVE LY
ANUIZRB &, SoZ S MEHB T AZCH Y AT A0iEHIREEY L, 20
VAT EZY I ANMESTW b DO LFE LT, EDOMCHAMK & 2 HE 9 4 (23
%T%%kmaﬁmﬁLtwH%Mﬁﬁ—bétf<ﬂékt%&ﬁom\ﬁuﬁb
— (Bokat) 2o Lz, IS S L. ChidihoErBrxs7- 140
‘FI %_a Wi HEEN @V BIT I ZWEL., FHUS L o TWKHE % B
BT HDTT. ML, WEICHTS R\.ﬂﬂ) BUBCH L, WRvEyOT 7YY EE
A BRI OVTIMAE Lo Wl CH 2o T #RICHRNT 20 EDDH S
FATRBRIZ oW THWEbE L 25, MO ADEFADPWEITR S I LA
bhhFELE FZTHRIZ. 74—=F74—7—F - EFLEHEL. 7733 ¥
BT AT — 7 EIEHNS, ML TRELE L —H., Yo E—voF -
7 # ~ (Chin Wong) &) HEiH 22 (Fig. 31) AS3ioMied A2 &lcie b,
W3 H AZARPEMOFYEL T | ST E L7
HAEROBI R T H 2 L2 EBITREL L BFET 2 ZoMiFic k72003, B

Bl Chin Wong
1977

Fig. 3l

Commemorative Lectures

to accompany the results, and was told that I needed a model of the process. [ developed
a model, a feedforward model, and published it—without the ABA data. Meanwhile a
brilliant Ph.D. student arrived from Singapore, Chin Wong (Fig. 31), and he took over
the construction of the gas exchange equipment.

The opportunity to think more about a mathematical description of photosynthesis
came when Barry Osmond (Fig. 32), now Professor of Environmental Biology at ANU,
hosted a visit from Joe Berry (Fig. 33) from the Carnegie Institution at Stanford. Joe and
I discussed an approach to modelling both Cs and Cs photosynthesis and conceived the
notion of treating the process as being like what Joe called a teeter-totter, and 1 called a
see-saw, where the control was wrested by the process most limiting, whether it was the
supply of energy, or the enzyme-limited rate of catalysis. We developed stoichiometric
equations for energy demand in terms of ATP, based on the most recent research on
photorespiration by George Lorimer, Joe, Barry, and the late KC Woo. We numerically
tested values for the resistance to diffusion of inorganic carbon from the bundle sheath
back to the mesophyll. Joe presented the ideas (Fig. 34) at the 1977 Photosynthesis

Congress in Reading, and the Proceedings paper was published in 1978, emphasising
the Ciresults, but with Cs photosynthesis embedded in the bundle sheath.

LR Roger Gifford. GDF, Barry Csmond, Hal Hatch' Tom Grace: NAGOYA 1981 Joe Berry & daughters - & long time ago!

Fig. 32 Fig. 33
Farguhar, von Caemmerer & Berry model of C,

photosynthesis
Simplified all of the biochemistry into two limiting conditions
1. Fublisto activity
2 RuBP supply

Planta 1l 7890 (1980)
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Cs photosynthesis obviously deserved a more detailed treatment, and [ started
working on that. But there were distractions. lan said that in order to get tenure [
needed to publish on some topic in which he was not involved. I chose to investigate the
exchange of ammonia between plants and the atmosphere, given the importance we
gave to its flux in the photorespiratory cycle that accompanied oxygenation of RuBP,
rather than the famous Calvin cycle that accompanies the carboxylation of RuBP.
Further, Chin Wong was making beautiful measurements that suggested a message
being sent from the mesophyll to stomata (Fig. 35). We published a paper on it in Plant
Physiology and another in Nature (Fig. 36), which was a thrill. Still further, [ was dancing
again (Figs. 37-40), and co-founded the Canberra Dance Ensemble, which later became
today’s Canberra Dance Theatre.

Somehow work on the modelling of photosynthesis continued. I realized that
conventional descriptions of enzyme kinetics, which assume that the enzyme
concentration is vanishingly small compared to the Michaelis constant, could not apply
in vivo to RuBP carboxylase-oxygenase, as the concentration of sites within the

—— oo
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Stomatal conductance correlates

with photosynthetic capacity

5. C. Wong, I R. Cowan & G. D. Farquhar
Department of E: Biology, R School of Brok

Sciences. Amtralian National University PO Box 475, Canherra City,
A.CT. 2601, Awstralia

Previous studies on the physiology of stomats in planis
suggest that stomatn influence the rate of CO, fixation in leal
-mlmw-mumuq—n,wu-—u
function has noi been fully
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Nature 1979
Fig. 35 Fig. 36

G Farquhar (left)
with Neil Roach

Fig. 37 Fig. 38

G Farquhar with
Penny Richards
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chloroplast is about 4mM, while the Km for COz= is about 10pM. | developed the
appropriate theory and published it in 1979. Tony Hall visited and we discussed
developments and he surprised us by writing a manuscript and offering me co-
authorship. But Joe and I wanted our own paper and we were now motivated to move
faster, with treatment of electron transport and its dependence on light intensity, and
expressions for quantum yield, and compensation point. Meanwhile Susanne von
Caemmerer (Fig. 41), a Pure Mathematics student, had worked for lan as a summer
student, and then decided to do a Ph.D. After some discussion she set to work on
relating leaf movement seen in some plant species, to aE/dA, the idea being that the
marginal water cost of carbon gain ought to be the same whether it be related to
stomatal change, or leaf angle change. However, the topic is very complex, given that a
change in leaf angle changes the calculations for optimal stomatal conductance, and vice
versa. Susanne decided that she would like to test the predictions of the photosynthesis
model, which was rather daring given that her background included little relevant
experimental experience. We worked on a lot of details for submission, which we finally
managed in early July 1979 (Fig. 42). Months passed and we finally received a letter
from Anton Lang (Klaus’ boss at the PRL and a man I liked) saying that the paper was
rejected as it was Planfa policy not to publish papers with no original data.

Ian, though not a co-author, wrote a letter on our behalf asking why, if it was policy,
the decision took months. Eventually we resubmitted it when Anton was on leave, and
the European editor accepted it, and it was published in 1980, the year John Lennon was
assassinated. Later, Anton asked me to review all the modelling papers that were
submitted to Planta, and I came to sympathise a little with the previous policy.

The work on photosynthesis helped me get a promotion and tenure in 1980. I had
thought [ was relaxed about tenure, until I actually got it, and astonished myself with the

N Plsia_

Susanne von
Caemmerer

Fig. 41

161



| _ileeact sl

3 DA Plantaib D Vist e DT, iz HOELIIBRTCE VWP THE L

AT NI XDORFEB TIPS 2128 hb 5T, +1) PFLoF—rHihuvis
LIHER L 2\ 2 OAERED 8 6. FREE T H AL hdhol-0h%
M) FHE, RobDOIHCTINRE Lz #R, Bobid, el
L7205 ZORHNST ¥ b 29K 2 > Tz, b ica—o v 2\ ofisESR
BAGIRE RO T NADT, TOMUII8E, 20 Var- L/ raWs
NARIIRRINE Lz, BIS, 72 D bPantaiblc B shi=T5Y) » 7z
BT 28 OEREZTHINZE LA 2O TOHHIA LKA EZ 25512420
itfq

THAFFED BT TRIXIBOHEITHMEE R L, MBS Z ST
piR L’?—S L7 ThITREY. %R%malllc'fmz& PEbhboTwaodh b 73‘?&73‘43
2eDT, WETOBREIH LTI & LS ICh o0, B oETL
720 AR ZLWVEWS DL, BIITAL EU‘%G)J“O)’C‘T

B7:% 3 A@isX (Farquhar, von Caemmerer & Berryansl)ix. %#). ik
BEL F L7 1981MEICRFEINI AN AOERT, A2 bOEZEZFEMNITALLDT
L7z Bobid, 19824F 12 2 WM FCati 2 R L. T Dk, Xﬂ/zimL
ABEMAT, Ya— - RJ—DFCRAL - FZ IS0 - 7202k D70
ANU%mhiL%nﬂﬁ4—zbﬁy&>7cutmhﬁvﬁmeTHM%&w,
ZOHMARREAE T L2 A - ¥ —F—(Tom Sharkey)hS. FEHnCHlElE: &
DBAEAP - FZ N 72u0—E LT, REEOMRBICIDY E L1 BB
3, FALE BRI AL E T =27 LEA—ICRELEL. SHICHA
i WEA IR A F— /B R ORIBR LSO, RO =OHIR, §
bbb M) F—2) YERHOWMBREHLACLE Lz, LY, SS&E B B
TAT LR XN A EEHERAFIE SR iE, U o E SRR X
g, BRI YPNET A EICR ) 9.

1978 & HE1S, FACIIS LR AR T—HEINE L. £DE oMt
Ya— e N =RHUN) = - A XEY FOY RO LR TR, {EFRS
LI - AL T 5 RO BOEMETH LT 4 Aar ¥ P RKED
<V % Y« 35 —1) —(Marion O'Lezlrv) (Fig. 43) boxziini-Z L ¢l
HAEHDERA, vV IV a—L= AT RESHIIZOWTHERLTWA &,
vutyﬁ‘m?m%ﬁ#%ﬁtcmfuthowfﬁLu(ﬂtmcfnya—

162

Commemorative Lectures

relief I felt. Insecurity can be deep and irrational.

The Farquhar, von Caemmerer & Berry paper was initially controversial.
Susanne’s experiments, published in 1981, supported the ideas. We published a fuller
treatment in an Encyclopedia in 1982 and then Susanne graduated and left to do a post-
doctoral fellowship with Joe Berry. Tom Sharkey, who had been a technician with Klaus
when I was in East Lansing, and then did a Ph.D. with Klaus, then came to the
laboratory as an active and creative post-doctoral fellow. We published an Annual Review
article on stomata and photosynthesis. Tom went on to introduce a third kind of
limitation to photosynthesis, beyond that of the activity of Rubisco itself, and of energy/
reductant supply, and that was triose phosphate utilisation limitation. If the products of
photosynthesis exported from the chloroplast, sugar phosphates, are not used,
phosphate is no longer released in the cytoplasm, and the chloroplast becomes starved
of phosphorus.

Another theme had been developing in my research, since 1978 when Joe Berry
had again visited Barry Osmond, and overlapped with a visit from Marion O'Leary
(Fig. 43) from Wisconsin, a chemist expert in the effects of isotopes on chemical
reactions and physical chemical properties. Marion, Joe and 1 discussed isotopic
discrimination during lunch breaks, and listened to Marion’s chemistry related view of
the processes. Joe and I grasped physiological aspects. Basically the principle was that if
gaseous diffusion through the stomata were limiting photosynthesis, the discrimination
would be small, but if diffusion placed no limit, the Rubisco could fractionate a lot, with
15C0-2 left behind able to diffuse back out of the leaf. | saw that it was a way of roughly
estimating genetic and physiological differences in both 9E/8A and in the ratio of plant
carbon gain to water loss, which we cheekily called plant water-use efficiency. Our
theoretical paper was published in 1982, just after an experimental test of the theory

Marion
D' Leary

Fig. 43
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involving gas exchange experiments by Susanne & Marilyn Ball (Fig. 44), another Ph.D.
student, was also published. With Roger Francey we showed how the carbon isotopic
composition of tree rings could be interpreted, and this scored another Nature
publication. A post-doc, Kent Bradford, showed that mutant plants lacking abscisic acid
had very open stomata, and showed greater carbon isotope discrimination than the
controls, supporting our theory. Application of ABA to the mutants reduced both
stomatal opening and discrimination.

Meanwhile, on a relaxing weekend walk through a park on the banks of
Canberra’s Lake Burley Griffin, I ran into Richard Richards whom I had known in
McKinnon in 1962. He introduced me to his wife Pauline (both here today) and
daughter, Amy, and we discovered that we had professional interests in common.
Richard was (and is) a wheat breeder at CSIRO. He had genotypes that had contrasting
waler-use efficiency measured at the pot level, and measured in two contrasting seasons.
He had kept some leaf dry matter from the experiments and Zarko Roksandic (Fig. 45)
was able to combust them and measure the carbon isotopic composition. We plotted the
results as they slowly appeared from the mass spectrometer, agreeing with theory to a
fair approximation. We celebrated with champagne! There was something magical and
mysterious (hence my title) about the link between ideas, their mathematical expression
and the material results of sowing wheat seeds, measuring the plant growth and water
use, and the isotopic composition. We published in the Australian Journal of Plant
Physiology (on whose Advisory Committee | was a member) in 1984, with one reviewer
asking us privately why we hadn’t gone to Nature.

Thus began a long collaboration with Richard and his team (Fig. 46) (including
Tony Condon, who did a Ph.D. jointly with Richard and me, and Greg Rebetzke, a
quantitative geneticist) as they surveyed wheat lines for variation in isotopic

-
i K
Zarko Roksandie, Sue Woed and G Farquhar GDF, Richard Richards, Tony Condon & Greg Rebetzke

Fig. 45 Fig. 46
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Russell Drysdale, *“The Drover's Wife', c.1945.
National Gallery of Australia, Canberra

Fig. 47 Fig. 48

composition, chose a line with low discrimination (high water-use efficiency), and back-
crossed it into a commercial wheat line. The process generated a lot of interest, a lot of
science, and eventually the commercial release in 2002 of the first variety bred in the
program, that Richard named Drysdale (Fig.47) after a famous Australian artist,
together with a paper by Greg, Tony, Richard and myself in Crop Science.

Other notable developments since 1984 included work on patchy stomata with
Ichiro Terashima (here today) in 1988, the interpretation with Jon Lloyd of
isotopologues of atmospheric COz, involving both C and O, published in Nature in 1993,
extending the photosynthesis treatment to the crop canopy with David dePury in 1997,
showing with Mike Roderick that evaporative demand is going down around the world,
and later that over land it was because of declining wind speeds, with Josette Masle (here
today) showing the first gene identified as affecting transpiration efficiency and carbon
isotope composition (Nature 2005). With over 330 papers now published I feel badly
about not mentioning all the highlights, and hope my colleagues will forgive me.

Many of these papers derived to some extent from the modelling of
photosynthesis. Other people of course have also applied the model. For example, in
crop models, it is used to predict how the canopy photosynthesis would respond to
changes in the biochemical makeup of the plants. The majority (9 out of 11) of current
climate-carbon models adopt some version of it (Fig. 48). This aids understanding
sources and sinks of carbon dioxide. Further, via Chin’s empirical observation that
stomatal conductance correlates with photosynthesis, it is used to model the surface
fluxes of water and heat, solving for surface temperatures, in weather—forecasting
models, in Europe and elsewhere.

We are still developing the model. With Florian Busch & Rowan Sage we have a
paper in press in Nature Plants that examines the interaction between amino acid
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Ralph
Slatyer

Fig. 49

lan Cowan

Fig. 50

synthesis and photorespiration, with implications for nitrogen nutrition and responses to
increasing [COz]. Next we plan to include a more detailed model of light absorption and
electron transport, and to start to bridge the gap from modelling photosynthesis to
modelling growth.

But before ending 1 would like to acknowledge some people who significantly
influenced my science.

[ have already mentioned the late Ralph Slatyer's early influences (Fig. 49). He
was a source of advice for 45 years, as he rose to become Australia’s first Chief Scientist.
He counselled me about dealing with government ministers, especially when I came to
Kyoto in 1997 as a science advisor to the Australian delegation to the 3rd Conference of
Parties to the UN Framework Convention on Climate Change. His advice to me was to
make the science clear, and that tricky political issues would be best handled by
professional politicians. Perhaps that was an assessment of my shortcomings, in that he
was extremely astute politically himself.

lan Cowan (Fig. 50), influenced me scientifically more than anyone else. He was a
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sounding board for any new ideas I had, but had so many of his own, and was so far
ahead of the field, and was such a perfectionist about publishing, that he created a
fertile canopy of science for me to explore and exploit. He died recently and [ was
distraught as there are so many things outstanding, that [ had intended to discuss with
him.

The late Champ Tanner, Klaus Raschke, Joe Berry, Chin Wong. My partner
Josette Masle (Fig. 51), and our children, Jeanne, Ella & Etienne

Thank you Dr. Inamori, and the Foundation, for this wonderful recognition and for
the opportunity to talk with you all.
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