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CO, enters a leaf through the stomatal pores and thened biochemically into sy phos-
phates. Inthe first step, ditision discriminates agnst the heder and therefore more sity
moving heay CO, containing*C. Thecarboxylation enzyme also discriminatesiagt heay
CO,. (There are also some discrimination steps in, @Bsolving in cell vater etc., ut these
are small in net &kct; O'Leary 1981; Farquharet al, 1989.) Thedegree of discrimination
depends on the balance of fdgive (stomatal) vs. biochemical limitation, and it therefore
informs us about the phiological operating point of the leaFarquhar and oeorkers (Francg
and Farquhay 1982; Farquharet al, 1982; Farquhar and Richards, 1984arfuharet al, 1989)
derived a widely-used formula for the discriminationaigst'*C in photosynthesis by terrestrial
plants with stomata:

A =4, Poo + 22. 63/00% (1)
a

This formula applies to plants with thg ghotosynthetic pathay; well discuss G plants later
In the formula, Gis the CQ partial pressure outside the leaf, in ambientanid G is the CQ
partial pressure inside the leaf, in the stomatal chamBé&;, passes through the filisional
resistance of the stomata, declining to a partial pressure equal Wifflision discriminates
against the slwer-moving CO, containing'*C, with the magnitude of 4.4 parts per thousand, or
4.49/00; that is, difusion of*3CQ, is slover by a &ctor 1-0.0044 than is dlilsion of*>’CO,. That
explains the first part of Eq. (¥)night-hand side. Then, GQeacts with RuBP at the Rubisco
enzyme, which discriminates @igst*C with a magnitude of Z7oo. Onemay ask seeral ques-
tions about Eq. (1): 1) Whis the coeficient of the last term 22%00, not 2P/007?; 2) Wly does
discrimination decrease whenfdgion is a more pronounced limitation, that is, whetCCis
smaller?; 3) Where does the discriminationiagt'*C originate in the Rubisco enzymdPis a
different kind of efiect than the dftisional discrimination, which is more intwi# © us; 4) This
equation is used to interpret stomatal limitation to photosynthesis and, more signjfigateky
use eficiency, WUE. How is dscrimination related to WUE?

Part 1: Monster derivation of Eg. (1)dm the sepate discrimination facta d diffusion and
biochemical eaction, plus theatio of C,/C,

Let’s derive Eq. (1) from consideration of the separate dsiof->CO, into the leaf via pho-
tosynthesis (3) and of*?CO, (J;,). We will express each flux twvways: first, as the difsive
flux through the stomatal resistance, and, second, as a rate of incorporationanjghesghates
by Rubisco and the rest of the biochemical machin&he flux of either compound through the
stomatal resistance,is just the diference in partial pressure of that compound from outside air



to inside airdivided by the resistancd=or 3CO,, the partial pressure in outside air is the partial
pressure of all CQ multiplied by the fraction of*C in that CQ, which is usually denoted as,R
(Recall that the isotope ratio is also described bwhich is the ratio in ajrdivided by the ratio

in a standard material, minus 4= R/R; — 1, and that this is commonlxkgressed in parts per
thousand, or "mil.")Let’s denote this fraction simply as,Rwvith "a" denoting "air' We’'ll use R

for the fraction of C@with 3C in the air inside of the leafRecall that the difisive resistance

for the heay CO, with *C is kigger by a small amount, 4.4 parts per thousand, than it is for light
CQ,. Call this small amount, so that the resistance f6iCO, is r(1+¢). Then, we hee

_ (Raca - RiCi)
= 2)
and

le - ([1 - Ra]Ca r_ [l - RI]CI) (3)

Let's now express the rates in terms of the biochemical (carboxylation) reacTibis. has a
slightly comple form, ut we can approximate it closely by saying that the rate of reaction for
each type of CQis a rate constant multiplied by the simple concentration (partial pressure) of
that kind of CQ. The rate constant for the hgaCO, will be lower, by a factor we will denote

as (1%); the \alue ofy is 0.027, or 29/00. We can then write

Jiz = (1 - 1kRC (4)

and
Ji2 = k(1 - R)C (5)
Now let's mmbine equations so we can sofer R in terms of R, as well as the partial pres-
sures and the discriminatioadtorss andy.
_ (Raca - RiCi) _ _
3= T v e (1 - 1kRG (6)
and
1-RJC,-[1-RIG
We'll equate the middle and right-hand sides of Eq. (6), at the same timegm(l +¢) to the
right-hand side:
RaCa— RG =1(1+ &)1 - kR G 8)
and nov express kC, in terms of Eq. (7):
_([1-R)C-[1 -R]C))

keCi = L=R) ()
Combining Egs. (8) and (9), we get
RC.-RC =3O\ _pic —p-RIC) (10)
a~a i i (l _ Ri) a i1i

What an algebraic mesgDne more little manipulation: lsttring the fictor (1 - R) over to the
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left-hand side, so there are no denominators:
(1-R)(RC—-RC)=(1+&)(1-y)1-RJC,—-[1-RIC) (11)

What's the use of all this™Now we sparate the terms by order of smallnedg&e can multiply
out all these terms anck&p only those terms that are proportional j@RR. On the left-hand
side, there are only mvterms, RC, — R,C;; the terms coming from multiplying these by d&e
second-order in the B’ so we ignore them for wo On the right-hand side, we ¥ a actor of
R; already multiplying eerything, so we can onlydep the highest-order terms weg/thing else

- no &, no ¥, no ather R5. Thisleaves uis with R,(C, — C;). For the part from the left-hand side
to equal the part on the right-hand side, weeha

Ra(Ca - Ci) = Ri(Ca - Ci) (12)
with the olvious solution that R= R,...there is no discrimination to first order
Now let's dso keep all the terms that are second qrawdving products of RS with each
other or R with either or y. You can erify the algebra that ges s this:
RaCa - Ri Ci - Ri RaCa + Rizci (13)

=(1+e-7)R(Ci—-C) - RR,(C, - C)

All the other products are third-order and highBeveal terms cancel because yrappear on
both sides of the equation, and we are left with

RaCa - Ri Ci = (E - 7)(Ca - Ci) (14)
or, moving the RC; to the right side and seeing thatiRa factor in @erything, we get
RaCa = Ri(Co(1+ & -7) - (e —7)C) (15)
Let’s dvide out G, and then bring Rto the left side:
R
Ri = a

G 16
[L+e=7)=(e=7) ] 4o
a
This looks like R, divided by 1 plus a small quantityo a dose approximation, 1/(1+x), where x
is small, is just 1-x, SO we can write

R =Rl (e =)+ (e~ 7) ] a7)

This has the right limit.If the stomata posed no resistance, so that C,, we would hae
R; = R, - that is, no discrimination through the stomata.

We're ot directly interested in jRwhich is essentially impossible to measuv&e want to
know the isotopic composition (and discrimination) in the finalassghat are made, therefore,
in plant tissue.This well call R;. Now, R; and (1 - R) are in the same proportion as the ugtak
(carboxylation) rates of hew and light CQ, so we can write this ratio R/ (1 - R) as the ratio of
carboxylation ratesxpressed in Egs. (6) and (7Jhis will let us relate Rto R that appears in
those tvo equations:



Re  _ (1-»kC

= 1
1-R T k({-R)C (19)
We @an dvide out the commorattor of KC; on the right to get
R _(1-7)R
1-RF 1-R (19)

How do we slve this without getting a quadratic mesg®@ain noting that 1/(1-x) looks l&
1+x, we can closely approximate Eq. (19) as

Ri(1+R)=(1-7)R(I1+R) (20)
Keeping only the terms to\eest order in R ang, we get
Ri=(1-7)R (21)
Now we can revrite R in this equation, using Eq. (17), to get
C
Ri=(1-7R1+(e-p)+(e~7) E’) (22)
a

and leeping only the Mvest-order terms, we get

R =Ry(1-e+(e=7) ) 23

We like o take this to the net discrimination,

1 - §f
so that it &presses only the plastpart in isotopic compositionattoring out the ariable iso-
topic composition of the aib,; that is, it &presses plant control of GQ@Qptale and all the rest.
First, we comert from isotopic fraction, R to the delta alue, usings; = R{/Rs — 1, with R, the

isotopic fraction in the global standard materdle do smilarly for air, to gets,. We then get
_ R
"R

(24)

R G
5 —1=2A-e+(e-y)=)-1
i R et e=Ng) (25)

C
=@+t Dl-e-(r-e)g) -1
a
Then, the discrimination by the plant isry closely jus#; - &,, or

AC=5,-[5,- = (e = 7) ] (26)

= + - _I
et(r—e C.
We know (from theory and measurement) thais 4.4£/00 andy is 27900, so we reoger Eq.
(1), with the codfcient of G/C, being 2P/oo - 4.£/oo = 22.68/00. Whav! Now we've
answered question number 1.



Part 2. Why does discrimination dease when stomata close down?

One might &pect that the discrimination from flision alays is present, ging us the base
value of 4.£/00 in &, and this is true, as the formulae of Egs. (1) and (26) indidAftiey, how-

eva, does the discrimination by the carboxylation enzyme decrease when stomata alnse do
and cause {C, to decrease?rue, difusion through stomata may look dikhe most-limiting
process of transportubdont the processes of dlifsion and carboxylation occur in series, so
that the discrimination should be compounded from both process®s®me insight into this
phenomenon, one may inspect Eq. (1PJugging in the numericalalues ofe and y, one
obtains

C
R =R,[1 +22. @/oo(1- EI] (27)
a
Note that, as Cdeclines, Rtends to a limiting &lue that is adctor of (1 + 22.8/00) greater
than R; the CQ in the chamber interior to the stomata is actually enrich&Cin Whatis hap-
pening is that th€C is being rejected by the carboxylating enzyme andiiklimg up.

A way to visualize this is to consider the simple resistance model ofl@Dfrom the out-
side air through the stomata and then "through" the biochemistry

C, - > G -m-mmmm - >0
Rate (G- C)Ir k.Ci
We @an sole for G by equating the tarrates:
1
(Ca—-C) T k.Ci (28)
1 ! O
> Cay =G Tk
0ol 0
- -0 r 0
G h
Or *keO

When the stomatal resistance becomegelathe term 1/r in the denominator becomegigible
and we hae
1
rke
Now, each of the forms of CQ light and heay, reaches its alue of G independently We can
use the form abe for light CQ,. For*CO,, we haveto modify both r and K r is increased by
the factor (1 +¢) and k. is decreased by thadtor (1 -y), so we hae
1
13C. = C
QA+ -n)rke
The ratio of the tw C values is the ng mole fraction of3CQ, in the interior space,,R

Ci = Ca (29)

(30)




BC _ Gl + e)(d - y)rkd]
12Ci - Ca/(rkc)

-1
L+e)(1-7)
=(1-e)(l+y)=1+y-e=1+22 &loo

Yes, it is enriched.

R = (31)

Part 3. Why is thee dscrimination ajainst heavyCO, by the carboxylating enzynRubisco?

The answer lies in quantum mechanics, o light vs. heay molecules vibrate.df small dis-
placements of the atoms (the nuclei), the atoms act as if bound by ideal spheggbrations
are those of a harmonic oscillgtbke a dock pendulum.The frequeng of vibration, v, is pro-
portional to 1 wer the square root of the mass, so thatiBen*CO, vibrates more sloly, by a
factor of about 4%.Now, quantum mechanics states that vibrations are quantized, only occuring
at discrete amplitudes and, thus, at discretege®rclosely equal to (n + 1/2) (n =1, 2, 3, ...)
times v. Here, h is Planck’ mnstant, h = 862x10%* J s Thus, the hegy CO, molecule,
vibrating at a laver frequeny, is & a lower enegy in its ground statelt’s not much laver, but
compared with typical thermal egggs, it is mildly significant.If the vibrational enayy of the
heary molecule is laver by about 3% of typical thermal egess, kT then the occurrence of suf-
ficient thermal enghies is laver by a &ctor ep(-0.03 kT / kT) = 0.97 = 1 - 0.03This is about
the factor by which reaction of hea CGO, is reduced.

Part 4. How is isotope discriminatiorelated to wateuse diciency?

Water-use eficiengy, WUE, is the ratio of carbon assimilation tater loss, and it can be defined
on maty levds: the instantaneousehange of C@for water \apor by a leaf, or the final carbon
accumulation of the plant relaé 1 total water loss by transpiraticand evgporation from soil,
etc. Lets look at the first case, which is the simplest:

WUE; = A/E (32)

Consider CQentering a leaf and ater \apor leaing with only the stomatal resistance occurring
between the outside air and the interior of the |&dfat is, we will ignore the (often,ub not
always) small resistance of the boundary layeich arises from the shkang of airflov by air
"sticking" to the leaf along the sade. Inthis case, we can use our formula for photosynthetic
carbon @in (call it A) abee Ej. (28):

A=g/(C,-C) (33)

where Ive dhanged from using resistance to using conductante,Te prime indicates that
this conductance is for GQusually, the unprimed symbol,.gis resered for conductance for
water vapot which is simply 1.6 times lger.

The rate of \ater loss, or transpiration, E, isamg a conductance times afdience in par
tial pressures, this time being those f@ter \apor Let’s all the watervapor partial pressure in
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the ternal air @ and that inside the leaf.eThen we hae

E=0se -e) (34)
The orderinside -> outside, is versed from that for CQ of course. V& can then write
gs’(Ca - Ci)
WUE, = =" =/ (35)
95(6‘1 - ec\)

We @an use thedct that ¢/g; = 1/1.6 = 0.62 to write
0.62C(1 - C/C)

(6 —e)
This form is \ery cowenient, especially for comparing le= that difer in their plysiology
(which controls the alue of G) but share the sameeronment - that is, the same,,@Ghe same
water vapor content of the air,eand (perhaps) the same internater \apor content;e In this
case, the diérences in ¢C, directly cause dierences in WUE.Example: a typical unstressed
plant with the common Cphotosynthetic pathay has QC, near 0.7. The factor 1 - QC,
equals 0.3.A stressed plant may fia G/C, = 0.5, so that theaictor 1 - ZC, is naw 0.5. The
increase in WUE is by theadtor 0.5/0.3 = 1.67, a 67%ig in WUE.

WUE, = (36)

Why don’t we just measure A and E foamous plants and compute their respectragni-
tudes of WUE?To get G/C,, we haveto sample plant tissue and use a mass spél, the
problem is that A and E change all the time&rdhe day over the season, and betweenviesad
the same plantA number of researchersdfuharet al, 1989), including us, found this out, to
our consternation after making hundreds or thousands of dasaekchange measurementk.
is better to get a picture of long-term WUE refant to crop yield or wild plant fitness, to mea-
sure G/C, with the mass spec, inferring it from Eq. (T)his relation of isotope discrimination
to WUE has been used for nyapurposes - crop breeding, inferring stress history in loregtli
trees (and therefore inferring dry times in climate history; e.g.yitteand Long, 1989), etc.
We'll discuss as marexamples as is practical in class.

The picture is not quite so neat as thil§e @an be assured thaj is a gven in the ewiron-
ment. Onthe other hand,;es purely a function of the state of the ledfor high leaf water
potentials, it is simply the saturatedpor pressure g a the temperature of the leaf, a pressure
that rises nearly xponentially between freezing and boiling points (at boiling, of course, it
equals total ambient air pressur@here are good approximations such as

0 17.269T
Pr237.2+ 10

with T in degrees Celsiuslf the leaf has a significantlywwater potentialy, this decreases by

a factor ep(y'V,,/RT), where \, is the molar vlume of vater 18x10°6 m® per mol. Example:

if the water potential is -1 M& (-10 bars, high stress for a crop plant and "just coasting" for a
desert shrub), thisattor is &p(-18/2500), or about 0.993 when the absolute temperature, T
about 300 K (27C). Thisis not a big &ctor then, in most cases.

&= 610. 8Pa & (37)

The temperature of the leaf depends upon the balance ajyemguts and outputs -



interception of solar shormveradiation and terrestrial thermal radiation as inputs; emission of
thermal radiation, cooling by transpiration, and cooling by transfer of heat from leaf to air as out-
puts. Commonlywe want to compare WUE betweendweares (of two genotypes, say) in the
same ewironment. Supposthe leaes havethe same photosynthetic capacityt differ in stom-

atal conductanceWe will shortly see ha this difference in gchanges transpiration rebaly

much more than it changes photosynthesis - thus, it can change WUE (if tive idlatiges in

A and E were the same, then WUBwd not change)To go back to the thread of thegamment:

two plants can dier in G because thehavedifferent g and thus thg cool to different amounts

- they havedifferent Ts, and diferent ¢, so we can't immediately say he they differ in WUE.

Wait a minute: didrt g5 cancel out in getting to Eq. (36)%es, hut g still enters implicitly
in EQ. (36), in helping to determing.GGo back to Eq. (28) and veite it in terms of ¢
Os
C=——-C (38)
(9 +k) °

1
= - __¢C
(1+kdgs)

It is the ratio of photosynthetic (carboxylation) capa@symeasured by k to g that determines
C,/C,. Decreasing g as when a plant responds toater stress, decreaseg@; and increases
WUE. (It also decreases Aubnot nearly as muchlf k. /g started out at 1/3, so tha{/C, =
1/(1+1/3) = 3/4, then a 20% decreasedrltanges C, to 1/(1 + 1/[3/0.8]) = 0.706The factor

1 - G/C, increases from 0.25 to 0.294, airg of 18%. In contrast, A changes by the same rela-
tive factor as does;G a dop from 0.75 to 0.706, which is a decrease of only 6Simhilarly,
increasing photosynthetic capacity at constam@geases WUE.

Changes in ZC, in unstressed conditions are actually retyvpronouncedIt is commonly
obsened (starting with classicxperiments of Wing et al, 1985a,b,c) that maximalsgand k
pace each otherPlants with greater mineral nutrition (related to photosynthetic capacity) typi-
cally develop more and/or Iger stomata, so that/gs stays about constanThe same trends
occur during deelopment of a leaf or between fdifent leaes on the same plant, or with grth
in high or law light, etc. There are goodvelutionary reasons, in that thalues of photosynthe-
sis and WUE are balanced about the same iryrdiéiferent conditions of gmth and competi-
tion.

These rgularities are not absoluteThere are dierences between genotypes within a
species in the unstressealues of JC, and thus in both photosynthesis and WUEhese are
exploited in crop breeding, for field crops (e.g., Condon and Richards, 1990etHll 1990;
Wright et al, 1993; Gutschick and Currieil992) or &en range grasses (Read al, 1991).

Some of these studies demonstrate nicely thaplotosynthetic capacity (higfiC discrimina-

tion) contritutes best to yield whenater is in ample supplyub WUE (lov discrimination) con-
tributes best when ater is ‘ery limiting (Condon and Richards, 199%)C discrimination has

even been used to track quantitai trait loci (QTLS) contrilnting to wateruse eficiengy, in
beautiful marriages of genetics and biggibs (Martin and Thorstenson, 1988; Brenekhl,

2002). Itmight be noted that there is less attention in recent times to WUE in crop breeding (or
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So is my impression)One reason that yield / performance traits actually takack seat - a dis-
tant back seat - to breeding for pest and disease resistance; theftatieae estimated to tak
about 95% of crop breeders’ time (Gutschick, 1987, p. 173).

Variations in discrimination and thus in WUEMeadso been obseed in wild populations
and hae been seen on occasion tovhamgjor ecological consequences (Ehleringe393;
Sandquist and Ehleringeg2003). We’ll discuss these in aview frameavork, below.

Now, aen'’t you glad you went through all the math, at least ondedne can pull anfast
ones on you, in interpreting isotopic measuremeH@wvever, there will be a short quiz; please
get out your gam books and pencils.

Sequelae: other uses’d€ discrimination studies in plant physigig ecology, climatology, etc.

This will be a brief surgy.

A. Determining photosynthetic pathways, and coatrdns of various photosynthetic activities,
from leaf to ecosystems.

Plants with the € pathway hare a ochemical pump; CQis taken up first by PEP car
boxylase, as the start of a shuttle to cells inside a sheath arouneileafwhere the CQOis
released in other enzymatic reactio¥ith this pump, C@can be dran dovn to \ery low lev-
els in the leaf (Cis very low) while the flux of CQ into photosynthesis isevy high (PEP car
boxylase has a highfafity and high catalytic rate compared to Rubisco; also, the rElease
inside the bndle sheath cellsudds up CQ concentrations to \&ls much higher than in outside
air, 0 that the Rubisco in these cells, which do the final photosynthesis irgssagerates near
saturation). Becaugg is so lav, WUE is high. Because the C{partial pressure near Rubisco
is so high, less Rubisco is needed for the same photosynthetic ratdictbaggfof using nitro-
gen is high.

The lav value of G/C, translates to a W discrimination aginst'*C. Thus,the isotopic
ratio in plant tissue is aevy strong indicator of photosynthetic padyw(seeeg., Griffiths,
1991), and, consequentlgf ecological status.One can also find & C, intermediate plants,
with isotopic signature being a first indicatoofivCaemmererl989); this helps trackvelution
in progress.One needs a model of the biochemistry gfpGotosynthesis (withariable perfec-
tion, hence, ariable leakage of C{back out of the indle sheath cells) to do thikif.). The
leakage also aries with stress, such as saliniéiso detectable by the discrimination ViC
(Bowmanet al, 1989).

The isotopic signal is usable onder scales of space and tiniEhe §:3C value of soil car
bon can tell us the fraction of primary production byvS. G plants €g., McPhersoret al,
1993; Wedinet al, 1995; Mongeret al, 1998), and the history of that conuiion. Itcan help



trace the eolution of G, photosynthesis, a Ige and &scinating topic in itself (Ehleringet al,
1991, 1997).The fraction of ¢ plants in the diet of animals can often be discerned, from the
isotopic signal of migd carbonates in tooth materialg,, Smith et al, 2002). Besidedlumi-
nating modern diets, this information can lead to interesting inferences algmisdate wolu-

tion. Ithas been proposed that horsesveati North America died dfwhen C grasseswlved.
Being more abrage kecause of their silica bodies, yheore davn the teeth of horses prema-
turely and notably reduced their Darwinian fitnesaifgét al, 1994; Mackddenret al, 1999).

Because the discrimination in, @lants \aries relatiely little, their isotopic signature is
often used to estimate ait*C (Pedicinoet al, 2002). Thes3C of air has in the past century
undegone a continuous and accelerating shift because of additions .ofr@® fossil fuels
(ibid.). Consequentlyar composition at the time that a plant sample igmais needed in order
to interprets'3C of C; plants as indicators of stress and other conditions (see By)be®n
global scales, air trapped in ice cores can be used to estimatéGa{France et al, 1999), lut
there can be localaviations in air composition, as in understories where respired@x@s in
strongly; then, the plant samples are usefsimilarly, when one cannot date the other)(C
material and thus cannot use the ice-core air samples, the co-occunrage@al is useful.

Back to the scale of the single plant, one can use isotopic composition changes to help
determine the sources of carbon fowrggowth. New leaves import carbon from photosynthesis
done by older lezes, or @en now-dead leaes. Onecan distinguish current from old sources if
one can measure g separatelySuch methods hee been deeloped (Brugnoliet al, 1988).

One can measure carbon (and other) isotopes in free aie @aacecosystem. Thigan
inform us about the isotopic composition of respired Airany one time, we don’know how
much CQ was respired, so we canéstimate its isotopic composition - weould see the same
shift in §*3C from an amount x of respired G@at is, say4%oo different from the air and from
an amount 2x that is onlyP®o different. Theway to get the information is to plot thealue of
513C aganst 1/G. The intercept (that is, when all the €&mes from respiration) wgs s the
513C of respired CQ. This, in turn, can tell us if the respired carbon had been photosynthesized
by C; or C, plants, or a mixture Pdaaki et al. (2003) gve a bt of theory and x@erimental
methodology

B. Bak to C; plants: discrimination as an indicator of thevetonment: water s&ss, humidity
salinity, etc.

I've dready mentioned thatater stress commonly induces a decrease in stomatal conduc-
tance to increase WUE, and that this response is reflectedwemang of discrimination aagnst
13¢, marledly so in G species. Thisesponse can distinguish phreatgiels that can>@erience
a lesser stress than other plantsagng in the same area (Andersenal, 1996). Theresponse
can also indicate salt stress ig @ants (Flanagn and Jdfies, 1989; Guyet al, 1989). Itcan
also indicate long-term acclimation (orea genetic adaptation) to ater stress (Hamerlynakt
al., 2004). Thelatter point is interesting: in short-term stress, ompeets that stomatal
responses ar@as$t while photosynthetic capacity changes onlwlisioif at all. Onethen &pects
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a decrease ifC, an increase in WUE, and a decreasAC. In the long term, hoever, a
stressed plant Iy will decrease its photosynthetic capacity per leaf area, returning the ratio of
k. / y toward that for other plantsin fact, in our repeatedly stressed desert shrubs, we,&ee C
vaues that are ery similar to those of mesic plants (Gutschatkal, unpubl.; also, the diér-

ences iNA®C seen by Hamerlynclet al. between plants diring in chronic stress are smaller
than those between unstressed and acutely stressed glagtsamount to no more thar®o,
corresponding to a change i@, of a bit less than 0.1).

Beyond phenotypic acclimation in a & genotype, plants can sh@enetic adaptation,
including divergence among populations A+*C and thus in WUE.Ehleringer (1993) found tav
such diferent populations of a sub-shrubncelia farinosain Death \alley. The high-WUE
populations g more slavly overall but had essentially no mortality in a once-in-20-year
severe drought, while the highgrhotosynthesis / leer-WUE population sudéred a 46% mortal-
ity. In subsequent studies, Sandquist and Ehleringer (2003) demonstrated a genetic basis for the
differences in discrimination and WUE.

Speaking of acclimation to long-term stresses, we should discusgl&iot performance,
and the isotopic signature thereodyies with precipitation, atmospheric humididevation (air
pressure), and rising atmospheric £LQet’s consider humidity first.Stomata respond to humid-
ity in a positve fashion: the higher the rele¢i umidity, the greater the stomatal conductance.
This is adaptie because higher humidity means a smalkgporpressure deficit,;e e, (recall
Eq. 34), and impneed WUE (Eq. 35). All else equal, stomata should be open more during times
of high relatve lumidity and more photosynthesis should be done tiAequantitatve theory
for this was propounded decades ago byv@oand Farquhar (1977; yes, Graham has his finger
in every pie...lut he did start out as a nuclearypitist). Theresponse is captured in a usb
empirical model of stomatal conductance, the Ball-Berry model @all, 1987 and hundreds
of citations thereafter):

A,

S

gs=m b (39)
Here, A is the assimilation rate as wevdnased it before, his the relatre humidity at the leaf
surface (beneath the leaf and capdundary layer; mantimes it is &irly close to relatie
humidity in ulk air), G is the CQ mole fraction in the air at the leaf sack (about 350 x 1)

of course), and m and b are the empirical slope and intercgptestingly m is cjommonly \ery
close to 10 for all unstressed flants, ®&en desert shrubs, and b is smabf course, for a gen
environment and a gen photosynthetic capacitA itself responds to,gso this is an implicit
equation for g(or for A). There are mathematical methods to sdhe simultaneous equations
for gs (Eg. 39), for A as a function of internal,Gtc., and for the temperature of the leaf
(responding to transpirational cooling, hence {paffecting enzyme actity, hence dfecting
A)(Collatzet al, 1991; Gutschick, unpubl.).

Let's consider changes in, Im the short term (dailyfor example). Lets dop the b term in

the Ball-Berry model.To express A = kC;, let's use Eq. (38) tox@ress har C; responds to g
We et for A:
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gS' kC

= 40
g5 +ke “o
and we can plug this into the Ball-Berry equation (39) to get
kCgS' Cahs
=m—— —— 41
gs m kC + gS’ CS ( )

Since G is commonly close to Cwe can cancel these twout. Now, knowing that g is 1.6 @',
and dviding out @', we get

mk,
1.6= h
ket+gs' ° “2

Some algebra (bringing the terms ihtggetheyetc.) gets us to

% —mn-1.6 43)

Ke
We @an use this in Eq. (38), second line, xpress @C, as

G 1.6

—=1-— 44

c. —~ (44)

This is a remarkably simplejpression. Isays that ¢C, increases as m increases (plants with a
"drive" to havehigh y and lots of photosynthesis) or adricreases (a response to good times for
photosynthesis at high WUE)Let’s aarry this through to WUE:

GO
0.62 Sl— bl
G C,U (45)
(6 —€)
If the leaf is near ambient air temperature anid elose to the apor pressure at thaterior sur

face of the leaf (when boundary layer conductance is high: smedslead/or good windspeed),
we can write

€~ 6= esal(l - hs) (46)
Now we can complete our approximation for WUE:

1.6
0.62GC ——

m h
WUE=———"=
esal(l - hs)

— Ca
M &, hs(l - hs)

WUE =

While it is approximate in marespects, Eq. (46) is awerful summary of WUE control
by the plant and by its emonment. Firstjt says that WUE increases directly with the £0n-
tent of the airC,. This means that increasing global Céhould be raising plant WUE around
the world (at least by ¢€plants), and there is plenty ofidence from controlledxperiments,
including outdoor eperiments, such as with free-air €@nrichment (RCE; see, e.g.,
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Gundersoret al, 1993; Beerling, 1999; similarxperimental methods used by Andersiral,
2001). ltis also knavn that plant pisiology particularly photosynthetic pisiology, acclimates
to long-term gposure to elated CQ (eg. Sage, 1994; ;\werall, | found 578 references to
acclimation at high COfrom 1993-2005, using SciSearchhis acclimation may alter theamps
in WUE.

Furthermore, as one goes up inval®n, total air pressure decreases while the mole frac-
tion or mixing fraction of CQin air changes little Plants at high el@tions are gpected to hee
lower WUE inherently.they should compensate by Wiag lower G/C, (by reducing the Ball-
Berry slope m; this is also done by plants undatewstress: Gutschick and Simonneau, 2002
and refs. therein)The patterns doxest along eleational gradients (& de Vdteret al, 2002;
unusual contrary>@ample found by Morecroft and Mddward, 1990), though tyeare compli-
cated by the change in precipitation anatev stress with eletion (ibid.). Basically once pre-
cipitation is suficient (at some moderate edtion), one does see decreasingCg; but belav
this elevation, the increasing aridity ges the opposite trendNote also another complication: at
high elevations, not only is WUE #&écted by lev C,, so is photosynthesis. Nitrogeis used less
efficiently for photosynthesis atwoC; (a result of lav C,). If N is limiting, this efect can dwe
a hgher G/C,. This trend is not common, for twreasons: first, N limitation is often less at
higher elgations where precipitation is higher and gtb (therefore, nutrient demand) is\sier.
Second, an increase in/C, disfavas WUE relatvely much more than itavas A; recall the dis-
cussion folleving Eq. (38).

More inferences can be ava from Eq. (46). Let’s look at the dependence of WUE on
humidity. It varies approximately as thevaise of the function (1 - h)). Thisfunction \aries
relatively little over a wide range of p between b= 0.3 and 0.7, it only aries from 0.21 to 0.25,
and at b= 0.2 or 0.8, it equals 0.16, which is only about 1/3 smaller than at the peak of 0.25
when i = 0.5. Becausg¢he function occurs in theverse, we see that WUE reaches higlues
when humidity is high...lg also when it is M (because stomata closewdo so well). The
stomatal response does acclimate to planvtiran various conditions, including elged CQ
(Bunce, 1998; Sage, 1994), apparently rebalancingaioe wf assimilation vs. WUE.

C. Tracking other aspects of thexdaronment using plant (and air) isotopic signadsir

Respiration releases G&om plant tissues, and this G@as a laver 51°C than ulk air in
the environment. Therespired CQ@ commonly mixes in well with lilk air, so that most plants
see air of similas3C in dl parts of an ecosysteniThis might tell us the rate of soil and root
respiration, bt this rate is not readily discerned from the small changeé®@. Insome condi-
tions, such as dense forests, the respiratory & its isotopic signature do accumulate wsho
ing a significant gradient with height ateothe forest floar This gradient can be used to estimate
respiration itself (Sternbget al, 1989).

One important inquiry is theate of the gtra CQO, we inject into the atmosphere byrhing

fossil fuel and brning material cleared during deforestatidife know the rate of input rather
well, from fuel consumption and satellite monitoring afrieed areasWe dso knaw fairly well
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how much of this &tra CQO, the ocean is taking up.and plants might bexpected to tad Y
significant CQ, based on the increase of photosynthesis with increasingaiugh from one
year to the nd, the increase should be quite smdalhe magnitude of the so-called terrestrial
sink is sought empiricallypy looking at gradients of C(bver large scales across the globe; the
"sinks" are where CQis dravn dowvn in concentration.The isotopic gradients addyer to this
method (Ciais et al., 1995), which indicates that about 30% of injectgdsG@en up by the
land biota, and that North America might be a major siran @ al, 1998; lut see Fielcet al,
1999). Notethat the reason that North America appears to be a sink is thatveveHfiarested
large areas earlieHoughton (2003) ges an interesting verview and synthesis.

Some parting words

I’ve focused on carbon isotope discriminatiouat there is a wealth of literature on deuterium /
hydrogen ratios, oxygen isotope ratios, and nitrogen isotope ratios to track processesvBom lea
to ecosystemsThe reasons for discrimination and farmtions in emromental isotopic com-
position are ery different from those applying to carbon, and the insights ang different. |

leave it to you to examine this ery interesting literature.
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