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Abstract Terrestrial plant photosynthesis may be limibe co-limitation of photosynthesis by ribulose-1,5-bi-
ed both by stomatal behavior and leaf biochemical qaiosphate (RuBP) utilization and regeneration, and by
pacity. While inferences have been made about the stematal conductance and leaf biochemistry. Gas ex-
portance of stomatal and biochemical limitations to phohange characteristics of genetic lines in the present
tosynthesis in a variety of species in a range of enviratady were generally consistent with measurements of
ments, genetic variation in these limitations has newhe same lines in a previous field study. Our new results
been documented in wild plant populations. Genetitdicate that the mechanisms underlying variation in gas
variation provides the raw material for adaptive evolexchange include variation in both stomatal conductance
tion in rates of carbon assimilation. We examined genedicd biochemical capacity. In addition, A, g, and ci in the
variation in gas exchange physiology and in stomatal ggr@sent study tended also to be positively correlated with
biochemical traits in 16 genetic lines of the annual plasgrbon isotope discriminatiod\), and negatively corre-
Polygonum arenastrunThe photosynthesis against ledated with time to flowering, life span, and leaf size
internal CQ (A-ci) response curve was measured drased on earlier work. The pattern of correlation be-
three greenhouse-grown individuals per line. We mdareen physiology and life span among genetic lineR of
sured the photosynthetic rate (A) and stomatal condacenastrumparallels interspecific patterns of character
tance (g), and calculated the internal G@ncentration correlations. We suggest that the range of trait constella-
(ci) at ambient CQlevels. In addition, the following sto-tions among lines if. arenastrunrepresents a continu-
matal and biochemical characteristics were obtainech between stress avoidance (rapid development, high
from the A—ci curve on each individual: the degree ajas exchange metabolism) and stress tolerance (slow de-
stomatal limitation to photosynthesis)Lthe maximum velopment, low gas exchange metabolism), and that ge-
ribulose 1,5-biphosphate carboxylase-oxygenase (Rubtic variation in these character combinations may be
isco) activity (VG,,,) and electron transport capacitynaintained by environmental variation in stress levels in
(Jna- All physiological traits were genetically variablethe species’ ruderal habitat.
with broad sense heritabilities ranging from 0.66 for L
to 0.94 for ], Strong positive genetic correlations werkey words Stomatal conductance - Leaf biochemistry -
found between Vg, and J.,, and between g and bio-Genetic variation Polygonum arenastrumMorphology
chemical capacity. Path analyses revealed strong causal
influences of stomatal conductance and leaf biochemis-
try on A and ci. Path analysis also indicated thatdn- Introduction
founds both stomatal and biochemical effects, and is an
appropriate measure of stomatal influences on photosyatrestrial plants face an important trade-off between
thesis, only when biochemical variation is accounted foarbon fixation and water loss, because of the shared
In total, our results indicate that differences among linpathway of CQ and HO diffusion into and out of the
in photosynthesis and ci result from simultaneous chamegaf through stomata. Plants that limit water loss by clos-
es in biochemical and stomatal characteristics and srg their stomata also limit carbon gain. Physiologists
consistent with theoretical predictions that there shouleve established that stomatal limitation of photosynthe-
sis is a common feature in plants (Farquhar and Sharkey
MA. Geber () - T.E. Dawson 1982; Schulze 1986) in the sense that actual photosyn-
Section of Ecology and Systematics, Cornell University, thetlc.: rate;s are typically 'OYVer than the maximal raFeS
Corson Hall, Ithaca, NY 14853-2701, USA possible, if stomata were wide open. These observations
fax: (607) 255-8088; e-mail: mag9@cornell. *du suggest that the trade-off between water loss ang CO
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uptake has been important in shaping stomatal behavigid A, and hence negatively correlated with long-term
The influence of this trade-off on physiological and mowUE (Geber and Dawson 1990). These patterns suggest
phological adaptations has been the subject of many phat photosynthetic rates may be under strong stomatal
and present studies in plant ecology and evolution (Eht@ntrol in P. arenastrumHowever, up till now, we have
ringer and Werk 1986; Givnish 1986; Lechowicz anbt investigated biochemical sources of variation in pho-
Blais 1988; Farris and Lechowicz 1990; Dawson and Ebsynthesis. Thus, our study is aimed at understanding
leringer 1993; Donovan and Ehleringer 1994; Dudlélle mechanisms underlying genetic variation in gas ex-
19964, b). change physiology iR. arenastrum

In addition to stomatal limitation, however, plants Our interest in mechanism is motivated by the fact
may experience biochemical limitations to photosynthehrat leaf gas exchange addare not only genetically
sis (Sharkey 1985; Woodrow and Berry 1988). Two imariable inP. arenastrunbut are also genetically corre-
portant sources of biochemical limitations derive fronted with life history and morphology (Geber 1990; Ge-
(1) the limits on ribulose 1,5-bisphosphate (RuBP) cdrer and Dawson 1990F. arenastrumgenotypes vary
boxylase-oxygenase (Rubisco) activity, and (2) the limitsdely in life history because of developmental differ-
on the regeneration of RuBP during electron transpahces in the node of first flowering (Geber 1990). In-
Rubisco activity is the chief biochemical limitation taleed, genotypes that flower at an early node have an ear-
carbon fixation when the concentration of Jfside the ly onset of flowering, attain a small final size, and com-
leaf (ci) is low. Conversely, at higbi, photosynthesis is plete their life cycle rapidly. Furthermore, early-flower-
limited principally by the leaf’s ability to regeneraténg genotypes have small leaf sizes, high leaf photosyn-
RuBP. Thus, the primary source of biochemical limitéhetic rates, high stomatal conductance, and hige-
tion to photosynthesis depends in partcariTheory pre- flecting low integrated WUE. The opposite suite of mor-
dicts that G plants should operate ataat which photo- phological, physiological and life history traits character-
synthesis is co-limited within the chloroplast by RuBRe genotypes that flower at an advanced node (Geber
consumption and regeneration (Farquhar and Sharkeyl Dawson 1990). A second goal of our study was to
1982). examine the relationship between stomatal and biochem-

Inferences have been made about the importancdcal characteristics measured in the present study and
stomatal and biochemical limitations to photosynthesgifiysiological (gas exchange am)), developmental
in a variety of species under a wide range of envirgimode of first flowering), and morphological (leaf size)
mental conditions (Flanagan and Jefferies 1988; Sharképracteristics established in earlier studies (Geber 1990;
and Seemann 1989; Day et al. 1991; Ni and Palla@gber and Dawson 1990). Are genotypes consistent in
1992). To our knowledge, however, genetic variation their physiology across studies? Do genotypes with con-
these limitations has never been documented in wildsting leaf gas exchange characteristics, development,
plant populations, even though data from several studigsl morphology differ in degree of stomatal versus bio-
suggest that such variation should be present (Comstolkmical limitation? And if so, how do they differ? An-
and Ehleringer 1992; Isebrands et al. 1988; Pereira etsalers to these question may help elucidate the functional
1987). Genetic variation in stomatal and biochemicsignificance of the associations between development,
characteristics provides the raw material for adaptiwerphology, and physiology.
evolution in rates of carbon assimilation.

The first goal of our study was to examine genetic
variation in stomatal and biochemical influences on phigtaterials and methods
tosynthesis in the annual plafplygonum arenastrum
We examined reductions in photosynthesis resultiRants and treatments
from stomatal closure. We also examined two poten%al

; ; . : . arenastrumis a cosmopolitan weed of Eurasian origin. It is
sources of biochemical limitation: (1) the maximu ommonly found in disturbed habitats (Geber 1989). Because the

RUbiS(}O aCf[iVity, and (2) the maximum electron-transp@fecies is strictly self-pollinating (pollen is shed onto stigmas be-
capacity (Kirschbaum and Farquhar 1984). fore flowers open), all seeds from a single plant are inbred full-
We focus onP. arenastrumbecause natural populasiblings. In 1986, seeds were collected from a large number of

; ; ; ndomly selected plants in a roadside population in the Red Butte
tions are genetically variable for leaf photos'ymhetz,eanyon Research Natural Area, east of Salt Lake City, Utah, Unit-

rates and for leaf carbon isotope discriminatidl, @n eg States) (Geber 1990). From 26 of these plants, inbred lines
integrated measure of physiology (Geber and Daws@ére established by single seed descent (Geber 1990). A subset of
1990). A provides a long-term measure difin leaves, 16 lines were chosen for the present investigation. All experiments

ich i were conducted on greenhouse-grown plants between May and
which is affected by the balance between,dawdown October 1994. Seeds from each line were germinated on moist

through photosynthesis and ¢@ntry into (and water peat moss and then transplanted into tube-shaped pots (2§.4 cm
loss from) the leaf through stomata. Thlis;an serve as filled with fritted clay. Fritted clay was chosen as the growing me-

an measure of long-term water-use efficiency (WUHium because it is chemically inert, has low bulk density and high
Farquhar et al. 1989); it may also be a good indicatorR%!OSityf and has excellent desorption properties (van Bavel et al.

; ; . 8); it therefore drains quickly and dries uniformly and repeat-
gas exchange metabolism (Ehleringer 1993a, b; Daw y (Emerman and Dawson 1996). After transplanting, plants wa-

and Ehleringer 1993). IR. arenastrum photosynthetic tered daily to saturation for the first three weeks, and then every
rates are positively correlated with stomatal conductaruker day. Plants were fertilized every 16 days (Peters 20-20-20).
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Physiological measurements were made five weeks after trans- C1 R
planting, before any plants had begun to flower. In these tubes,
plants attained sizes typical of plants in the field.

27

Physiological measurements
CO, and HO vapor exchange measurements were made with an 2r
open gas exchange system (Campbell Scientific Inc., model MPH-
1000). The system used mass flow controllers (Edwards High Vac-
uum Int., Datametrics model 825) to precisely mix 1%, @Cair
with CO,-free air. Part of the dry, mixed, gas passed through de-
gassed water to humidify the air, which was remixed with the dry
air to a known dew point and monitored with a chilled-mirror dew
point hygrometer (General Eastern Corp., model dew-10). The
CO, concentration ([CG)) of this same air was measured with an
infrared gas analyzer (LiCor Inc., model 6252). Leaf and cuvette
temperatures were measured with fine-wire lead-constant thermo- :
couples. Light was supplied by a 1000-W sodium-vapor lamp L R A
(General Electric, Inc.) mounted above a water-filter to remove in- 100 200 300 400 500
frared radiation. Measurements of the dew point and,]J@0the
air stream returning from the leaf cuvette were also made (as Leaf Internal COy Concentration (¢ pl17)
above), and used in calculations of gas exchange rated,dnt ’
lowing Harley and Sharkey (1991). Fig. 1 Hypothetical A—ci curve. Parameters used in the analysis
Branch tips with five to nine newly expanded leaves (total leaf stomatal and biochemical limitations to photosynthesis are il-
area of 12—-19 cA) were enclosed in a temperature-controlled clustrated. The ambient [CDis indicated by ca. For each curve,
vette (10.16x7.62x7.62 cm) in which air was pulled across the |¢aé diagonal linebetween the x-axis and tie-ci curve is the CQ
surfaces to form a very small and uniform boundary layer. Gersupply function and is proportional to stomatal conductagge (
types have similar rates of leaf (=node) production (Geber 1990he intersection of the line with the curve corresponds to photo-
and thus had equivalent numbers of newly expanded leavesspnthesis at ambient [GP A; the leaf internal [CG correspond-
branch tips. A model shoot constructed from moistened filter gag to this point on thé\—ci curve is ci. 4 is the photosynthetic
per was used to determine the boundary layer conductance forrage when the leaf internal [GDis equal to ca, i.e., the photosyn-
in the final gas exchange calculations. Response curves of phtietic rate in the absence of stomatal limitation. Stomatal limita-
synthesis versus leaf internal [Jqithe A—ci curve) were mea- tion, L reflects the percentage reduction ig atributable to sto-
sured by holding photon flux density (PFD; 1200+1&00l nT2 matal closure (see formula). Thear at the top of the figure la-
s1), leaf temperature (28+1.1° C), and the leaf-to-air vapor prdselled G is the region of thé—ci response that is most limited by
sure difference Aw; 10+1.2 mmol HO mol? air) constant and low ci and by Rubisco activity (Vg,). Thebar labelled Ris the
varying [CQ)] in the leaf cuvette in steps of p0 11 from 50 to region of theA—ci response that is most limited by electron trans-
750pl 1-1. Measurements were first taken at a cuvette,JG® port capacity (J,) and the regeneration of Ru:P
360pl I-1. The [CQ] in the cuvette was then increased, decreased,
and finally returned to 36fl I-1 to generate thé—ci curves for
plants from the two treatments (Fig. 1). (Farquhar and Sharkey 1982; Fig. 1).dstimates the percentage
decrease i\ imposed by stomatal closure. Althoughis gener-
ally referred to as stomatal limitation, its value depends on the

15

Carbon assimilation (A,jumol m-2 s-1)

Physiological characters shape of thé\—ci curve between ci and an internal [§©f 360 ul
I-1, and so is likely to be influenced by biochemistry. Through data
Gas exchange analysis and in the Discussion, we address the value of ugagy L

) ) a measure of stomatal limitation (see also Flanagan and Jefferies

For each plant, we estimated the photosynthetiqu(ol nT2 s1) 1988).
and the stomatal conductance to water vapor (g, mmdlsm#)
that would be expected under ambient field [C@om gas ex-
change measurements at a cuvette J@D360ul I (Fig. 1). The  Bjochemical model, and curve fitting procedures
leaf internal [CQ] at a cuvette [CE) of 360pl |71 was calculated
from A and g according to Farquhar and von Caemmerer (1982}imates of a plant's maximum Rubisco activity (yg pmol
(Fig. 1). ) ) ) CO, m2 s1) and electron-transport capacity,{J pmol CO, m2

In the paper, we use plain text font (A, g, ci) to designate tgey were determined from an analysis of fkeci curve, using the
values of photosynthesis, stomatal conductance and the integigéhemical model of von Caemmerer and Farquhar (1981).
[CO,] at a cuvette [CE) of 360pl I-1. We use italicized font4;, g,
ci) when referring to photosynthesis, stomatal conductance andth@ biochemical modeCO, assimilation A) can be related toi
internal [CQ] as variables (e.gA—ci curve).

An estimate of the rate of photosynthesis,(Amol nr2 s71; )
Fig. 1) in the absence of stomatal limitation was obtained from tA&—Rgay+(1-T/ci)-Vc (2)
A—ci curve when the internali was equal to 360l I-1. A, esti- - .
mates the rate of photosynthesis when stomatal resistoancezto }zbﬁf”gﬁ% E;pgerggg;ssgsagtazsﬁﬂgﬂoghg?g?éggﬁ;t%ﬁgﬁ?eé‘ée
diffusion is essentially zero. compensation point in the absence gf,Rand Vc is the rate of
carboxylation.

In the absence of any limitations due to inorganic phosphate
regeneration,

The percent stomatal limitation to photosynthesis %) was cal- Vc=min{Wc, Wi} (3)
culated from théA—ci curve as,

Stomatal limitation

wheremin designates the minimum of Wc and Wj. Wc represents
L=100-(A-A)/A, (1) the Rubisco-limited (i.e., RuBP-saturated) rate of carboxylation,
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and Wj represents the electron-transport-limited (i.e., RuBP-ticulate the intraclass correlation, for each trait ag=cZ/(a?
generation-limited) rate of carboxylation. Wc and Wj, in turn, ares?). The inctraclass correlation is both a measure of the degree of
functions of V¢,,,and J,.. In particular, resemblance between related individuals and of genetic differ-
WC=(V. VI(Ci+K - (Ci+O/K 4) €nces between unrelated individuals. Thus, when the resemblance
=(Vemaxci)/[(ci+K (ci ol (4) between individuals from the same genetic line is high, there is lit-
where V¢, is the maximum rate of carboxylation with non-limit-le within-line variation in trait expressiowg-0), andt approach-
ing RUBP, CQ, and with full activation of Rubisco. Jand K are €S 1 because most of the variation in a trait is due to variation
the Michaelis-Menten constants for carboxylation and oxygedmong lines Cfgzl)v- Converselyr is near 0 when there is little re-

ation, respectively, and O is the partial pressure,of O semblance between relativesg (arge), or differences among lines
in trait expression are smalbg~0). In the case of comparisons

Wij=J<il[4(ci+2r.)] (5) among fully inbred linest is equal to the ratio of the total genetic
variance to the total phenotypic variance in a trait, and thus pro-
HFS an estimate of the trait's broad sense heritalfit{f-alcon-

1989). Standard errors farwere calculated as in Falconer
839, p. 182).

where J is the potential rate of electron transport at a given irr
ance, and the factor 4 accounts for the fact that the transpor
four electrons generates sufficient ATP and NADPH to regener
RuBP in the Calvin cycle (Farquhar and von Caemmerer 198
For a given irradiance, |, J can be expressed as:

I=(hax N/(1+2.1 J0) (6)

where JJ.., is the maximum electron transport capacity Genetic character correlations were calculated between all pairs of
ax . . - h .

Following Kirschbaum and Farquhar (1984), we used the féqalts as product-moment correlations between the means of traits

lowing values for parametersgg=1.0umol CO, m2 s I,=42 rom each genetic line. Correlations calculated from family (=line)
umol CO, mol-%; K =310umo|dmo|—1 CO.: K.=155 mmol moft means tend to overestimate the true (full-sib) genetic correlations,
O.: and O=210 mmol mot 2 o because they include maternally-inherited environmental covari-
2 ' ance in addition to genetic covariance (Via 1984). Past work with
Estimation of Vg, and J,,, from A—ci curves.A second-order P. arenastrunhas indicated very close agreement between family-
polynomial regression was fit to the-ci curve of each plant, to mean correlations and correlations based on genetic covariance

. h . ] components (Geber 1990).
obtain predicted values @ffor ci ranging between 20 and Sp0 oqThe statistical significance of genetic correlations was tested

-1 -1 i
™%, In 20l I8 increments. This range encompassed the meas#ﬁ( converting the correlation coefficients to their z-transforms and

range ofci values for all plants. For each plant, the second-or tructi fid intervals around the z-transform
polynomial explained 95-99% of the variationAinci data. en constructing confidence intervars arou e z-ransiorms

We used non-linear regression techniques (SAS Institute 19 ede_C(t)r anld Cochrt?n_ 1989). T? gdjust fortthfe fact tgat codnfi-t
to estimate Vg, and J,,, by fitting the biochemical model (Egs. 9671C€ INtervas were being conp]pu ed on a ?e ofnon-l_n ependen
2-6) to the predicteA-ci values. Following Wullschleger (1993),correlations, we again applied the sequential Bonferroni procedure
we estimated Vg, by assuming tha was entirely limited by the " eTsﬂmatlrstg the V‘]ﬁ'dth. of_theth?flden(iet_lntervals (lece 1?8|9_)- d

L : : hr} e patterns of pairwise trait correlations can be useful in de-
(Fftéblsﬁgnl]mg;edz r%ﬁhoilgi%%xﬂagglnh)\/-v \3\’/:‘ ttlr:)]glr?v;/uzb(;(t?#lljtled tHigrmining whether stomatal or biochemical characteristics influ-

estimated value of Vg, into the model equations, and estimate§"c€ Variation in photosynthesis and ci among genetic lines. How-
J._ by fitting the modél to the entire range Aci values. at an €ven because stomatal and biochemical characteristics may them-
max 1]

irradiance, 1, of 120@mol nr2 51 selves be correlated, their separate effects on A and ci may be dif-
The limited number of data boints for ealshci curve did not ficult to detect from simple pairwise correlations. We used path

; ; analysis to partition the genetic correlations of stomatal and bio-
allow us to estimate Vg, and q, Simultaneously. Whether ghemical traits with A and ci into components based on a hypothe-

Vemax@nd Ja are estimated jointly or sequentially from the sam of causation (Pedhazur 1982; Kingsolver and Schemske 1991).

A—ci curve, a statistical correlation may arise between the two 8s* \ > ‘
timates. We tried to address the issue of statistical correlation@ path analysis was based on family-means of stomatal, bio-
mical and photosynthetic characters, rather than on individual

examining how Vg, and J.,, were correlateavithin each genetic

line. To the extent that individuals from the same genetic linB@&nt values. In addition, all characters were standardized to mean
have nearly identical—ci responses (see Results), covariation & rofand vr?rlance dl‘ by exprgs;_ln%_eactl)ﬁ fahmlly m((ejan daj a devia-
VCmax@nd oy estimates within lines would provide evidence of (f)? r(_)lm the grand mean ar_1f_ viding by t ﬁ star|1 ar ﬁ.‘"ﬁ‘t'on
statistical association between parameter estimates. of family means. We are justified in using path analysis, which as-

In summary, the following characteristics were determined \a/g:inaebslelsmebetiercarlﬁ?élopnzjquvlve:ebglt(;q[lsee(?lo(tjes?w%r\}\?r%ntt)ei{/]vdeelgdgtg%]:t:?t
Izt Tor al rate, oxeEpUA Becalis fentaiid drectly mto the bicchemical andlor photosynineic family means showed linear re-
calculation of L, lationships among variables, in spite of the non-linearity of the

biochemical model.

The path diagram in Fig. 2a represents auuriori hypothesis
of stomatal and biochemical effects on A or ci. A single-headed
arrow between two variables connotes and hypothesis of direct
Genetic variation in physiological traits causation, whereas a double-headed arrow reflects correlation

without necessarily a direct causal relationship. Thus, a double-

We tested for genetic variation in each of the six traits measutethded arrow between variables X and ¥\ frmay result from a
by one-way analyses of variance (ANOVA), with genetic lines aglaect causal effect of X on Y or of Y on X, or it may reflect an in-
random factor. The ANOVA on the six physiological traits werdirect relationship caused by mutual dependence of a third unmea-
not independent of each other because all traits were measuredused variable. In our path diagram, a double-headed arrow be-
the same plants. The significance levels for tests of genetic efféatsen X and Y is equal to the simple genetic correlation between
were therefore inflated. To correct for multiple tests on non-indie two variables. The single-headed arrows,{pare equivalent
pendent data sets, we applied a sequential Bonferroni procedur® tpartial genetic correlation coefficients, when a dependent vari-
evaluate the significance of genetic effects on trait variation (Riable (e.g., A) is regressed against more than one independent vari-

Genetic correlations among traits

Analysis

1989). able (e.g., stomatal and biochemical characteristics).
For each trait, we estimated the withig2) and between-oZ) We hypothesized that g has a direct causal efft%gt) @ L,
line components of variance in trait expression from the erdoecause, all else being equal, increased stomatal conductance

(MSy) and genetic line (Mg mean squares in the ANOVA (Fal-should reduce stomatal limitation; biochemistry may also directly
coner 1989). The variance component estimates were then useaifext L (pg ), because, for a fixed g Will depend on the shape



539

Fig. 2 aHypothesis of causa- ()

tion between stomatal and bio- Pgy (b)

chemical characteristics and A U

or ci. b Simplified hypothesis U /

of causation, eliminatinglc g %‘ /

Path diagram of the effects of PLy _ . _ .

stomatal conductance and bio- &® / L, Y=A or ci TeB / Y=A or c

chemistry on L d Path dia- B < PrL B

gram of the effects of stomatal ’

conductance and biochemistry PBY

on A.ePath diagram of the ef-

fects of stomatal conductance (d)

and biochemistry on ci. The

statistical significance of a path g 025/
A

coefficient is based on a test of . \
its significance in the regres- 0.65

sion analysis, or as a correla- B /
tion coefficient. *P<0.05, ** © 0.80 **
P<0.01, *** P<0.002 U =036

8L/ @

0.65* /Ls g 02 /
B \

059 0.65* c
B Zos2

of the A~ci curve between ci and an internal [§Of 360pl I-L.  Table 1 Meansphenotypic 18.143.0
Stomatal conductance was hypothesized to be correlated with Isiandard deviations of physio- 12.4-22.2
chemical characteristics, but not necessarily in a direct causgiical traits inPolygonum are- (12.4-22.2)
fashion (f[% g). For example, stomatal behavior may not directly afastrum Means are based on A 21.8+3.3
fect biochemical capacity or vice versa; and the two traits are #8tplants (3 individuals from (14.6-26.9)
likely to be determined by the very same genes. On the other h&ath of 16 genetic lines). The ¢ 271+15
stomatal behavior and biochemistry may co-vary because thege of genetic line means for (248-295)
genes affecting these traits are linked in this set of inbred linesgeach trait is also shown pa- 0.49+0.13
because the two sets of traits are similarly affected by other gemegthese: 9 (O. 25:0'72)
Stomatal (g, ) and biochemistry (B) traits were also hypothe- ) )
sized to have direct causal effectg {pp_y, Psy) On A and ci Ls 21.0£6.0
(Fig. 2b). (14.1-34.6)

In our path analysis, we did not attempt to partition individual VCpax 89.6+15.1
causal effects of Vjg,,and J,,,0n other variables because the two (63.6-113.7)
biochemical traits were very highly correlated among lines and J 175.8+29.6

some of this correlation may be statistical rather than biological in max

origin (see Discussion). Instead, we created a composite variable,
B, consisting of the first principal component of Me¢and J,..
The first principal component explains 98% of the variation in

(109.0-216.6)

biochemical characteristics. all traits except ci, there was a two-fold difference in the
mean trait value of the lowest and highest ranked lines
(Table 1).

Relatioship between physiology, development, and morphology ™ contrast to the between-line variance in physiologi-

To examine the relationship between physiology, development &l traits, there was a remarkable consistency within
morphology, we calculated Spearman’s rank correlations betwdigres in the physiology of individuals. This is best seen
the family means of physiological traits in the present study ajl Fig. 3 where theA—ci responses of three individuals

the family means of the following characteristics measured in egr- : S : :
lier studies on 13 of the same lines (from Geber 1990; Geber ;’#Hﬂ eight genetic lines are plotted. These eight genetic

Dawson 1990): A, g, ciA, node of first flowering (FN) and the lilNes were chosen because they represent the full range
average leaf size (LA). of measuredh—ci responses, including the more extreme

responses (highest and lowest A, g, VCpax @aNd 2.
In all cases, individuals from the same line were nearly

Results identical inA—ci response.
The low within-line variance relative to the high-be-
Genetic variation in physiology tween line variance is indicative of high levels of genet-

ic variation for all traits. Intraclass correlations (=herita-
Table 1 shows the mean values of the six physiologitudlities) ranged from 0.66 for [to 0.94 for ], (Table
traits for the entire set of 48 plants, as well as the rar®je
of trait means among the 16 genetic lines. For all traits,Figure 3 also illustrates the nature of the variation in
average values ranged widely among lines. Indeed, hiwchemical and stomatal characteristics amBngre-
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Fig. 3 A—ciresponses of eight
genetic lines oPolygonum are-
nastrum Each plot shows the
A-ci data for three individuals
from one genetic line. The
threecurvesin each plot are the
second-degree polynomials that
were fit to theA—ci data of the
three individuals. Thdiagonal
line in each plot corresponds to
the average supply-function for
the genetic line. Theertical

line intersects thé\—ci curve at
Ao
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Table 2 Intraclass correlationg+SD, of physiological traits for sible that part of the positive genetic (among-family)
16 genetic lines i. arenastrumin P. arenastrumwhere genetic cgorrelation between Viey and J. is due to a statistical
lines are fully inbred, the intraclass correlation is equal to t ; ; _
broad-sense heritibality of a trait. All intraclass correlations a| g)rrelatloln between the estimates of these two parame
significantly different from zero, based on sequential Bonferrof's obtained for each plant. We therefore examined the
tests with overalbi=0.0% within-line correlations between Vg, and J,. (see

above). Within-line correlations between M¢and J,.,

é 8-2&8-83 ranged from-0.8 to +0.9, with an average of correlation
g 0.71+40.10 of 0.19. The average within-line correlation is consider-
Ls 0.66+0.12 ably lower than the between-line family mean correlation
VCmax 0.82+0.07 of 0.88 (Table 3), suggesting that co-variation between
Jnax 0.940.03 VC,,. @and .., among lines is not simply a statistical ar-

tifact.
Based on pairwise correlations among genetic line
nastrumlines. Genetic lines 15 and 19 have low )¢ means, A was strongly and positively correlated with g,
which is reflected in the shallow slopes of theci Vc,, and J,. (Table 3). A was negatively correlated
curves at lowci; these lines also have loy,), which is with L, but the correlation was non-significant (Table 3).
reflected in the low asymptote of theci curve at high There was a marginally significant positive correlation
ci. Genetic lines 8 and 9, by contrast, have high,yc between ci and g, and a strong and significant negative
and Jax correlation between ci andglLci was not significantly
Genetic lines 23 and 25 have high because fis correlated with A, Vg,,, 0r J,.« (Table 3).
considerably greater than A. In genetic lines 12 and 14,In view of the positive correlations between stomatal
on the other hand, th&-ci response quickly asymptotesand biochemical characteristics, and in light of their joint
between ci and 360l 1-1; in these lines, fAand A are influence of photosynthesis and ci, we used path analysis
not very different, and lis low. to partition the genetic correlations of stomatal and bio-
Lines 8 and 23 were the only two lines whdseci chemical traits with A and ci into direct causal and indi-
responses showed little evidence of reaching an asymgst causal or unanalyzed components (Fig. 2a). As indi-
tote at highci. When theA—ci response does not asympeated earlier, we did not attempt to partition individual
tote, J,.x IS likely to be underestimated. Other measuredusal effects of (g, and J,,, on other variables in our
(A, g) or calculated parameters (ciy) lare not affected path analysis, but created instead a composite variable, B
by the lack of an asymptote at high Elimination of (for biochemistry), consisting of the first principal com-
lines 8 and 23 from subsequent analyses of charagenent (Vg,,, and J,.,. The genetic (family-mean) cor-
correlations only strengthened the patterns of corretatations between B and other traits are shown in Table
tions. 3).
In analysing the direct effects of g and B o the
path coefficient E,_ was estimated to be equal-tb (Fig.
Stomatal and biochemical influences on photosynthesi&c), indicating that g and lare measures of essentially
the same traitpnce biochemical variation is accounted
Stomatal conductance and biochemical characteristios We therefore simplified the path analysis of stomatal
were strongly positively correlated (Table 3), indicatingnd biochemical effects on A and ci by droppindrbm
that genetic lines with high transpiration rates also htdk analysis, producing the simpler path diagram illus-
high biochemical capacity. In addition, \g was posi- trated in Fig. 2b. g and B had significant direct causal ef-
tively correlated with ], indicating that lines with high fects on both A and ci (Fig. 2d, e); as expected the ef-
Rubisco activity also had high electron-transport capafdgets on A were both positive whereas the effects on ci
ty. were of opposite sign. B had a stronger direct effect on A
Because the estimates of )¢ and J,,, for each than did g, whereas g had a somewhat stronger effect on
plant were obtained from the sameci curve, it is pos- ci than did B.

Table 3 Matrix of genetic (family-mean) character correlationial Bonferroni procedure. Character B is the first principal com-
for 16 genetic lines oP. arenastrumCorrelations that arender- ponent of V¢, and J,,, correlations with B are shown for com-
lined and inbold typediffer significantly from zero, based on sig-parison with path analysis

nificance tests from parametric methods, adjusted by the seqt zn-

ci g Ly VCiax Jnax B
A 0.08 0.77 -0.32 0.92 0.94 0.96
ci 0.49 -0.75 -0.16 0.13 -0.15
g -0.66 0.66 0.61 0.65
L, -0.28 0.06 -0.09
VCoax 0.88 0.97

0.97

max
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Table 4 Spearman’s rank correlations between family means aduse of the small number of lines, only correlations greater than
physiological characters measured on 13 lines in the current stOd6 in absolute valuééld and underlinedare significantly dif-

and physiological (A, ci, gd), developmental (FN) and leaf sizeferent form zero att=0.05; correlations greater than 0.47 in abso-
(LA) characters measured on the same lines in past studies. IB& value bold) are significantly different from zero at=0.1(C

Current Study
A ci g Ls VCiax Inax
Past A 0.39 0.30 0.40 -0.49 0.35 0.14
Studies ci 0.58 0.49 0.57 -0.48 0.56 0.47
g 0.08 0.18 0.19 -0.24 0.23 -0.05
A 0.57 0.27 0.77 -0.53 0.57 0.28
FN 0.03 -0.71 -0.12 0.50 0.25 0.19
LA -0.39 -0.59 -0.49 0.48 -0.26 -0.29
Relationship between physiology, development, ic variation in physiology, and especially of biochemical
and morphology variation.

Biochemical variation has been documented at the in-
The gas exchange characteristics of lines measuredranspecific level, but only among cultivars of crop spe-
this study were generally consistent with results froaies. For example, significant genetic differences in bio-
earlier field and studies (Geber 1990, Geber and Dashemistry have been observed in sunflower hybrids
son 1990). Thus, lines with high A, g and/or ci in th@g&imenez et al. 1992), and in cultivars of wheat (Pyke
present study were the same lines with high A and ciand Leech 1985; Gummuluru et al. 1989), corn (Rocher
our earlier work (Geber and Dawson 1990). There wetsal. 1989), fescue (Nelson and Sleper 1983; Nelson
no strong correlation between gas exchange rates in 1888), and pea (Hobbs and Mahon 1985). Genetic varia-
current study and g in the field study; however, g in thien in photosynthesis has been attributed to variation in
field was not genetically variable (Geber and Dawsdtubisco content or activity (von Caemmerer and Far-
1990). guhar 1981; Hobbs and Mahon 1985; Pyke and Leech
Gas exchange characteristics were also correlal@85; Woodrow and Berry 1988), to variation in chloro-
with integrated physiology, development, and morpholphyll content (Hobbs and Mahon 1985; Gummuluru et
gy (Table 4). As expected, lines with high gas exchangle 1989), or to differences in other key enzymes in-
rates in this study were the same lines that had high aarlved in carbon fixation and sucrose synthesis (Came-
bon isotope discriminationAj (Geber and Dawsonron and Bassett 1988; Rocher et al. 1989). The focus of
1990), early flowering (low FN) and small leaves (LAnterspecific comparisons and in cultivar studies has typ-
(Geber 1990) in our previous work. Highyib this study ically been on evaluating stomatal and biochemical
was linked to low A, ci, and, late flowering and large sources of variation in photosynthetic responses to
leaf size in the same lines in earlier studies. Lines watress; in other words, the aim has been to document
high biochemical capacity (g, and J,,,0 tended to be variation in stomatal and biochemicadijustmentso a
the ones with high gas exchange rates, Agind small deteriorating environment; relatively few studies have
leaf size in earlier work (Table 4). examined variation among species/cultivars in stomatal
Due to the small number of lines being compareahd biochemical traits within environments.
across studies, only eight of the Spearman’s rank correlain wild plant species, investigations of intra-specific
tions between characteristics measured in the pregamgsiological variation have focused on inter-population
study and those measured in earlier work were sign{fiiz ecotypic) comparisons (Gurevitch et al. 1986; Kalisz
cantly different from zero at=0.05. Sixteen correlationsand Teeri 1986; Dawson and Bliss 1989; Comstock and
were significantly different ai=0.1. In addition, all cor- Ehleringer 1992). In these studies, the emphasis has been
relations greater than 0.2 in absolute value were of the documenting variation in gas exchange physiology, in
expected sign. instantaneous or integrated measures of water-use effi-
ciency, to the exclusion of biochemical variation. The
same can be said of the few studies of genetic variation
Discussion in physiologywithin populations of wild species (Geber
and Dawson 1990; Schuster et al. 1992b; Ehleringer
Although there is widespread evidence of interspecifi®93c; Dawson and Ehleringer 1993; Donovan and Ehle-
variation in gas exchange physiology (Evans 1989),ringer 1994; Dudley 1996b). The tendency, therefore,
integrated physiology based @n(Ehleringer and Coo- has been to focus on the efficiency of carbon acquisition
per 1988; Smedley et al. 1991, Schuster et al. 1992a, feative to water loss, with the perception that stomata
leringer 1993a, b), and in biochemical characteristics exert a dominant control over carbon fixation. This bias
lated to the regulation of photosynthesis (Wullschlegier reinforced by the oft reported correlation between
1993), there have been few investigations of intra-spegfiotosynthetic rate and stomatal conductance within and
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among species (e.g. Wong et al. 1979, 1985). Theassociation with agricultural crops and weedy environ-
predicts, however, that photosynthesis in flants ments (Geber 1989).
should not only be co-limited by ribulose 1,5-bisphos- The intriguing question is why would there be such a
phate consumption (\g,) and regeneration fJ) (Far- broad range of gas exchange physiology in populations
qguhar and Sharkey 1982), but also by stomatal relativeofd®. arenastru@ How is genetic variation in physiolo-
biochemical factors (Cowan 1986). Thus, if photosynthgy maintained? What is the functional significance of
sis is found to covary with stomatal characteristiegriation in physiology? Definitive answers to these
among plants or genotypes, we might also expect to fipgestions, and especially to the last question, can only
corresponding variation in mesophyll biochemistry. ~ come from evolutionary studies of the fitness conse-
gquences of variation in physiology. These studies are
currently underway (M.A. Geber and T.E. Dawson, un-
Genetic variation in physiology published work). In the interim, the pattern of correla-
tion among physiological traits, and between physiology
In this study, we not only confirmed results from an eaand other important phenotypic characters, such as life
lier field investigation that gas exchange physiology lisstory and morphology, may help inform hypotheses
genetically variable in populations Bf arenastrun{Ge- about the functional significance of variation in physiol-
ber and Dawson 1990), we also showed thaarena- ogy.
strumis genetically variable for stomatal (g,)land bio-
chemical traits (V§a, Jna (Table 2). Indeed, the herita-
bilities (=intraclass correlations) for biochemical traitRelationships among physiological characters
were as high as those for stomatal characteristics (Table
2). We find support for several theoretical predictions in the
The high heritabilities estimated for all traits (Table Z)attern of genetic correlations among physiological traits
reflect the marked differences As-ci responses amongin P. arenastrumFirst, the positive correlation between
lines, as well as the remarkable similarity in feei re- Ve, and J,,, (Table 3) suggests that biochemical dif-
sponses of individuals within lines (Fig. 3). This strikinferences among lines result from simultaneous changes
similarity is attributable, no doubt, to the highly inbreth both Rubisco activity and regeneration (see also Fig.
nature of genetic lines in this species, and to the c@)top 4 panels), and supports the prediction of co-limita-
trolled environmental settings of this greenhouse stutipgn by Rubisco consumption and regeneration in C
Field estimates of trait heritabilities are considerabplants (Farquhar and Sharkey 1982). Co-limitation does
lower than greenhouse estimates (compare field estit simply mean that V¢, and J,,, both have an influ-
mates of intraclass correlations for A: 0.25+0.19, gnce on photosynthetic rates within a plant; clearly they
0.0£0.17; ci: 0.22+0.19 to Table 2). Indeed, in the fieldp. Rather co-limitations means that across environments
there was no detectable genetic variation in g, based @mr among genotypes and species, ag,ychanges so to
single measure of stomatal conductance at midday instduld J,,,. A positive correlation between Vg, and
lines, although a more detailed examination of the daily,, has been reported in interspecific comparisons (see
course of stomatal conductance in four lines did rev&#ullschleger 1993). Our analysis of within-line correla-
significant genetic variation (Geber and Dawson 199@pns of V¢,,, and J,., suggests that the between-line
Thus, while the expression of genetic differences in tbevariation is real and not due entirely to a statistical ar-
field will not be as pronounced as in the greenhouse, tiact.
general consistency in the gas exchange characteristicg/e also found a strong positive correlation between g
of genetic lines between the two studies suggests thad biochemical traits among lines (Table 3), indicating
physiological differences among lines are real and bibat lines differ with respect to both stomatal behavior
logically meaningful (Table 4). and leaf biochemistry. Furthermore, the joint influence
The range of variation in gas exchange characteristidsstomata and biochemistry on variation in photosynthe-
and in stomatal and biochemical traits in 16 genetic lingis and ci among lines (Table 3; Fig. 3) is consistent with
is quite impressive, with most characters varying twthke theoretical prediction that;@lants should be co-
fold among lines (Table 1). The range of variation in Aimited by stomatal and biochemical factors (Cowan
on the order of 1fmol nT2 s71, is as large as variation1986). InP. arenastrumlines with high photosynthetic
in photosynthetic rates observed among several specéss, not only have high stomatal conductance but also
of Death Valley annuals (Mooney et al. 1981), evdrnigh biochemical capacity, and vice versa for lines with
though the absolute rates are lowePalygonum Simi- low photosynthetic rates.
larly, the range of variation in Vg, and in J,,,in a sin- The path analysis indicated that biochemistry has a
gle population ofP. arenastrumis fully 1/3 as large as somewhat greater direct influence on variation in photo-
the range of variation reported from 40 species of dicynthesis than does stomatal conductanc®. iarena-
crops (Wullschleger 1993). Average Rubisco activity asttum Thus, a strong positive correlation between sto-
electron-transport capacity across all linefofygonum matal conductance and photosynthesis should not be tak-
are similar to values reported for dicot crops (Wullsckn as evidence that stomata exert the primary control
leger 1993). This similarity may refle€t arenastruns over carbon assimilation.
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The path analysis also indicated that variation in stoetween physiological and developmentat (ife histo-
matal limitation (L) was affected both by variation in gy) traits across genetic lines Bf arenastrunmis consis-
and in biochemistry (Table 3; Fig. 2b). Furthermorg, ltent with this metabolic hypothesis. The relative toler-
is only a true measure of stomatal effects on photoswmce of genetic lines to drought stress, a common feature
thesis once variation in biochemistry has been accountédhis population’s environment (Ehleringer et al. 1991)
for (Fig. 2b). is currently being investigated. Preliminary evidence
suggests that lines with slow development, longer life
span, and lower gas exchange metabolism are indeed
Relationship between physiology, development more tolerant of drought stress (M.A. Geber, unpub-
and morphology lished work).
The significance of the correlation between morphol-
A common pattern that emerges from interspecific commgy (viz leaf size) and physiology or development is less
parison is that shorter-lived taxa often have higher ratdsar. Negative correlations between leaf size and gas ex-
of gas exchange (Bazzaz 1979; Evans 1989; but see e&nge rates have been reported in crops and other plants
son 1984), higher carbon isotope discrimination (Ehlgchabot and Hicks 1982; Bhagsari and Brown 1986;
ringer and Cooper 1988; Smedley et al. 1991; SchusteDatley 1996b). In some crops, negative correlations
al. 1992a; Ehleringer 1993a, b), and higher biochemiteve been attributed to lower stomatal densities in larger-
capacity (Wullschleger 1993). leaved varieties (Bhagsari and Brown 1986) or to differ-
We report evidence of an identical pattern of charactsrces in cell size and specific leaf weight. DataPon
association among genetic lines of a single species (denastrumsuggest, however, that larger-leaved genetic
ble 4). InP. arenastrumlife span is greatly affected bylines tend to have higher stomatal densities, higher spe-
developmental variation in the node of first floweringific leaf weights, and higher nitrogen contents per unit
Genetic lines that begin flowering at an early node Heaf area (M.A. Geber, unpublished work). Thus, the pat-
come limited in their ability to continue vegetativéerns forP. arenastrumthough weak, would lead to the
growth because they have committed meristems to girediction of higher gas exchange rates in larger-leaved
determinate flowering fate. As a result, they compleliaes, which is just the opposite of what is observed. It is
their life cycle early, well in advance of genotypes thpbssible that the greater leaf thickness (higher specific
delay flowering until an advanced node (Geber 19909af weight) of larger leaved lines results in increased
Early flowering genetic lines are also characterized bhyesophyll resistance, () which then limits CQinflux
high rates of gas exchange, higher carbon isotope disthe sites of carboxylation and reduces Ain spite of
crimination (Geber and Dawson 1990), and, accordingth@ higher stomatal densities (Nobel 1991).
this latest study, show a tendency for high biochemical From a functional standpoint, it has been argued that
capacity (Table 4). smaller leaves may be favored in drier environments, be-
One hypothesis for the association between life-spaause small leaves provide less surface area for transpira-
gas exchange rates and carbon isotope discriminatioticatal water loss or because they have lower temperature
the inter-specific level is based on the idea that the c@§@ivnish 1979; Nobel 1991; Dudley 1996a). We do not
tinuum from short to long-lived species also represent&riow, at present, whether the range of leaf sizes among
continuum from stress avoidance to stress toleraices of P. arenastrumis of sufficient magnitude
(Grime 1979; Chapin 1980; Hoffman and Parsons 199(0.53-1.16 cr¥) to be of great functional significance.
One theme that emerges from both plant and anirkalrthermore, preliminary evidence suggests that lines
studies is that low metabolic rates may improve streggh small leaves (and high gas exchange rates) are less
tolerance by reducing the demand for resources. At théerant of drought than large-leaved lines (see above).
same time, low metabolic rates may be incompatible Small leaf size in lines with rapid development may
with stress avoidance which often requires that orgaiso reflect a developmental constraint. Guerrant (1988)
isms cease activity or complete their life cycle in attas argued that rapid development may be achieved
vance of an impending stress. This hypothesis may #x-ough a reduction in development time or in the size of
plain the observed negative correlation between metalgimorida, and that this leads to smaller organ sizes (e.g.,
ic rate and lifespan among taxa (Calder 1984; Hoffmbaaves) and smaller plant size.
and Parsons 1991).
In plants, low metabolic rates are reflected in low leaf
photosynthetic rates, stomatal conductances to water @aaclusions
por, and respiration rates. Ehleringer (1993a) has argued
that the intercellular COconcentration in plant leavesThis is the first study to demonstrate both genetic varia-
(ci) may be viewed as a "set point” for gas exchange ntien in gas exchange physiology and in the stomatal and
tabolism, reflecting a complex balance between ratesbodchemical mechanisms underlying photosynthetic vari-
photosynthesis (i.e, biochemical capacity) and water l@®n in a population of a wild plant species. Genetic
and use; high set points for gas exchange metabolismligaes of P. arenastrunvaried two-fold in average photo-
reflected in high ci and, over the long-term, in high casynthetic rates (A), stomatal conductance (g), stomatal
bon isotope discrimination. The pattern of correlatidimitation (L), and in Rubisco activity (g, and elec-
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tron transport capacity (4. The average internal GO Cowan IR (1986) Economics of carbon fixation in higher plants.
concentration (ci) varied by 56 |- among lines. In: Givnish TJ (ed) On the economy of plant form and func-

. P s tion. Cambridge University Press, Cambridge, pp 133-177
Theoretical predictions that photosynthesis ig (E)awson TE, Bliss LC (1989) Intraspecific variation in the water

plants should be co-limited by RUBP (Yg) and regen- relations ofSalix arctica an arctic-alpine dwarf willow. Oeco-
eration (4,0 (Farguhar and Sharkey 1982), and by sto- logia 79:322-331

matal relative to biochemical factors (Cowan 1986) wepawson TE, Ehleringer JR (1993) Gender-specific physiology,

also supported by our data. Not only were there strongZﬁgfgc'zcr’tﬁggeugEggglgzgo%%g_hglbgtat distribution in box-

positive genetic correlations between,\cand J,,, and pay TA, Heckathorn SA, DeLucia EH (1991) Limitations of pho-
between g and biochemical traits, but a path analysistosynthesis irPinus taeda.. (Loblolly pine) at low solid tem-
showed that genetic variation in both stomatal and bio- peratures. Plant Physiol 96:1246-1254

chemical traits accounted for large portions of the genBgnovan LA, Ehleringer JR (1994) Potential for selection on
plants for water-use efficiency as estimated by carbon isotope

ic variation in A and ci. . discrimination. Am J Bot 81:927-935

By comparing the gas exchange characteristics of @@dley SA (1996a) Differing selection on plant physiological
netic lines in the present study to their physiology in a traits in response to environmental water availability: a test of
previous field investigation, we were able to show that adaptive hypotheses. Evolution 50:92-102

. - . . ley SA (1996b) The response to differing selection on plant
physiology remained consistent across studies lﬂjphysiological traits: evidence for local adaptation. Evolution

growth environments. In addition, we confirmed that 50:103-110
lines with high (low) photosynthetic, stomatal conduchleringer JR (1993a) Gas-exchange implications of isotopic vari-
tance and ci are the same lines that had high (low) car-ation in arid-land plants. In: Smith JAC, Griffiths H (eds) Wa-

; fenriminati ; ter deficits: plant responses from cell to community. Bios Sci-
bon isotope discriminatio\j, rapid (slow) development entific, pp 265284

to flowering and short (long) life span, as well as smalheringer JR (1993b) Carbon and water relations in desert plants:
(large) leaf size. The pattern of correlation between an isotopic perspective. In: Ehleringer JR, Hall AE, Farquhar
physiology and life span among genotypesPofirena- GD (eds) Stable isotopes and plant carbon-water relations.
strumparallels interspecific patterns of character correla. A¢ademic Fress, San Diego, pp 155-172 N
tions. We suggest that the range of trait constellationsk-erlnger JR (1993c) Variation in carbon isotope discrimination
- W 99 g : in Encelia farinosaimplications for growth, competition, and
among lines irP. arenastrumepresents a continuum be- drought survival. Oecologia 95:340—346
tween stress avoidance (rapid development, high gasxeringer JR, Cooper TA (1988) Correlations between carbon
change metabolism) to stress tolerance (slow develop—'5°t°pe and microhabitat in desert plants. Oecologia 76:562—

me,nt’, IOV\.’ gas exchange metabo',lsm.)’ and that gen%ﬁjﬁ‘eringer JR, Werk KS (1986) Modifications of solar-radiation
variation in these character combinations may be main-apsorption patterns and implications for carbon gain at the leaf

tained by environmental variation in stress levels in the level. In: Givnish TJ (ed) On the economy of plant form and
species’ ruderal habitat. function. Cambridge University Press, Cambridge, pp 57-82
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