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POTENTIAL FOR SELECTION ON PLANTS FOR
WATER-USE EFFICIENCY AS ESTIMATED BY
CARBON ISOTOPE DISCRIMINATION'

Lisa A. DoNOVAN? AND JAMES R. EHLERINGER

Department of Biology and Stable Isotope Ratio Facility for Environmental Research,
University of Utah, Salt Lake City, Utah 84112

Water-use efficiency is thought to be related to plant performance and natural selection for plants in arid habitats, based
on ageneral expectation that increased water-use efficiency is associated with decreased carbon gain and biomass accumulation.
Using leaf carbon isotope discrimination (A) to determine integrated water-use efficiency, we estimated genetic variance for,
and examined the relationships among A, biomass, and gas exchange characters for full-sibling families of the woody shrub,
Chrysothamnus nauseosus, grown from seed collected at Tintic, Utah. In both well-watered greenhouse and common garden
experiments, and water-limited common garden experiments, there were significant family differences for 4, biomass, and
morphological characters, indicating a potential for genetic change in response to selection. However, estimates of broad-
sense heritabilities for A were low, indicating that the rate of change in response to selection would be relatively slow. This
was consistent with the large amount of phenotypic plasticity observed for A as it differed with water treatment and year
in the garden experiment. Phenotypically, aboveground biomass and A were negatively correlated within the well-watered
treatments (i.e., more water-use efficient plants were larger), not correlated within the water-limited treatment, and positively
correlated for combined well-watered and water-limited garden treatments, suggesting that variation in both photosynthetic
capacity and stomatal limitation contribute to the variation in A. In contrast to the phenotypic correlations, genetic correlations
for biomass and A were consistently negative within each treatment, and selection for higher water-use efficiency through
low A for C. nauseosus plants in this population would tend to shift populations toward larger plants. For C. nauseosus,

increased water-use efficiency is not necessarily associated with decreased carbon gain.

Instantaneous water-use efficiency has been defined at
the leaf level as ratio of photosynthetic carbon gain to
transpirational water loss (A/E), and at the whole plant
level, transpiration efficiency is the biomass accumulated
per total water consumed (W). Hereafter, both terms are
referred to as water-use efficiency. At both the leaf and
whole plant levels, plants are thought to be under selective
pressure for water-use efficiency in water-limited envi-
ronments (Cohen, 1970; Cowan, 1982; Passioura, 1982).
There is a potential for lower water-use efficiency to be
associated with greater carbon gain, and we have suggested
that a low water-use efficiency may be advantageous for
young or small establishing plants if it is associated with
greater biomass accumulation (Donovan and Ehleringer,
1992; Sandquist et al., 1993). Larger plant size or biomass
may reduce the probability of seedling and juvenile mor-
tality resulting from water stress (Cook, 1979; Donovan,
Mausberg, and Ehleringer, 1993; Donovan and Ehlering-
er, in press). In addition, reproductive output or fitness
is often positively correlated with plant size or biomass
(Solbrig and Solbrig, 1984; Farris and Lechowicz, 1990).
In order to understand the potential for natural selection
(genetic or microevolutionary change) with respect to wa-
ter-use efficiency (A/E or W), it is useful to determine its
relationship to biomass, in addition to determining if
there is genetic variance for the trait.
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Estimation of W is a labor-intensive process that in-
volves measurement of total biomass accumulated and
water consumed. A/E is a more easily determined ratio
of the leaf level processes that predominately determine
W, but respiratory carbon losses and nonstomatal water
losses must also be considered when scaling up from the
leaf A/E to whole plant W, and instantaneous measure-
ments of A/E are not generally integrated. Since E is a
function of g (stomatal conductance to water vapor) and
v (leaf-to-air vapor pressure deficit), A/E can be estimated
by A/g under conditions where » does not vary substan-
tially, and by c;/c, (ratio of internal leaf to ambient CO,
concentration, determined by A and g). Thus, the theo-
retical and experimentally confirmed relationships be-
tween carbon isotope discrimination (A) and c;/c, suggest
that A can be used to provide estimates c;/c,, A/g, A/E,
and then W (Farquhar, O’Leary, and Berry, 1982; Far-
quhar and Richards, 1984; O’Leary, 1988; Farquhar, Eh-
leringer, and Hubick, 1989). Hence, with consideration
of factors such as leaf temperature, respiration, and non-
stomatal water losses, A can be used to investigate genetic
variation for water-use efficiency.

Genetic variation for A has been documented for non-
agricultural and agricultural plants (e.g., Hubick, Far-
quhar, and Shorter, 1986; Condon, Richards, and Far-
quhar, 1987; Hubick and Farquhar, 1989; Martin et al.,
1989; Geber and Dawson, 1990; Hall et al., 1990; Mein-
zer, Goldstein, and Grantz, 1990; Virgona et al., 1990;
Johnson and Bassett, 1991; Schuster et al., 1992). A num-
ber of these studies have shown positive correlations be-
tween A and total or aboveground biomass for plants
grown in a similar water treatment (Condon, Richards,
and Farquhar, 1987; Farrisand Lechowicz, 1990; Johnson
etal., 1990; White, Castillo, and Ehleringer, 1990), where-

927



928 AMERICAN JOURNAL OF BOTANY [Vol. 81

TaBLE 1. Statistics [overall means and ranges of family means, F values, and intraclass correlation coefficients ()] for characters measured on
Chrysothamnus nauseosus grown in a well-watered greenhouse study; 45 families, average 23 replicates per family for morphological measures

and six replicates per family for carbon isotope discrimination (A).

Mean (+SD) Range F (sig.y 7 (£SD)
Height (cm) 6.47 £ 1.27 3.90-8.87 11.00%** 0.303 = 0.051
Leaf length (cm) 3.47 = 0.35 2.55-4.13 6.27%** 0.187 + 0.039
Shoot biomass (g) 0.13 + 0.04 0.05-0.23 11.55%** 0.322 + 0.052
Leaf/shoot biomass (g) 0.70 = 0.05 0.57-0.78 5.42%%* 0.167 = 0.037
Total biomass (g) 0.33 +£ 0.08 0.15-0.50 10.71%** 0.304 + 0.051
Shoot/total biomass 0.39 = 0.04 0.27-0.46 6.55%** 0.203 + 0.041
A (%0) 22.54 + 0.41 21.71-23.48 2.31%** 0.174 £ 0.060

a Significance levels for family effects: ns = not significant, * = P < 0.05, ** = P < 0.01, ** — P < 0.001.

as others have observed negative correlations (Hubick,
Farquhar, and Shorter, 1986; Condon, Farquhar, and
Richards, 1990; Virgona, 1992) or no significant corre-
lations (Martin and Thorstenson, 1988; Read etal., 1992;
Schuster et al., 1992). The relationship between A (and
W) and biomass varies as a function of whether A is
changing as a result of differences in photosynthetic ca-
pacity and/or stomatal limitation (Hubick, Farquhar, and
Shorter, 1986; Virgona et al., 1990; Virgona, 1992). In-
vestigations of genetic variation for A, and the relationship
of A to biomass, for additional nonagricultural plants will
contribute to the understanding of water-use efficiency in
relation to growth and survival in natural populations.

This study investigated relationships between A, bio-
mass and morphology, and gas exchange characters for
the aridland habitat shrub Chrysothamnus nauseosus
(Pallas) Britt. The specific objectives were to 1) examine
the genetic and environmental components of variance
for A and biomass, and 2) determine the relationships
among A, biomass, and gas exchange characters.

MATERIALS AND METHODS

Seed source and parent plant leaf collections — The source
population for C. nauseosus seed was the Tintic Range
Experiment Station, Tintic, Utah (39°55'N, 122°03'W,
elevation 1,775 m). C. nauseosus is reported to be pre-
dominately self-fertilized with occasional out-crossing
(Anderson, 1966). Seeds were collected in the fall of 1989
from 45 reproductive plants that were greater than 1 m
in height. The reproductive shrubs were located within a
1,750-m? area of sagebrush steppe habitat encompassing
relatively uniform topography and soil type (Donovan
and Ehleringer, 1992). Each parent plant was sampled
(ten to 15 leaves combined) for determination of leaf
carbon isotope composition in June and August of 1989,
and again in June of 1990 and 1991.

Carbon isotope measurements—Carbon isotopic com-
position was measured on dried, ground leaf samples (Eh-
leringer and Osmond, 1989), using an isotope ratio mass
spectrometer (delta S, Finnigan MAT, San Jose, CA).
Carbon isotope ratios (6'3C) were calculated from isotope
compositions, relative to the PeeDee Belemnite standard,
and converted to carbon isotope discrimination (A, %eo)
values, using atmospheric carbon dioxide values of — 10%o
and —8%o as measured for the greenhouse and garden
environments, respectively.

Greenhouse experiment—The greenhouse study was
conducted at the University of Utah, Salt Lake City cam-
pus (elevation 1,450 m), starting in November 1989. On
14 November, air-dried seeds from parent plants were
placed in a mist bench on a mixture of one-third silica
sand, one-third perlite, and one-third vermiculite. Seeds
germinated within 7 d of planting, and seedlings were
transplanted to 5-cm peat pots of greenhouse soil on 27
November. Greenhouse soil consisted of 418 commercial
topsoil, 418 bark, 418 perlite, 318 vermiculite, 218 peat
moss, and 1/18 silica sand. The design consisted of 45
families, with family defined as seeds collected from one
parent plant in the field population, and a range of 12 to
40 replicate seedlings per family (Table 1). High intensity
metal halide lamps were used to supplement sunlight, and
light intensities (400-700 nm) were greater than 1,000
umol m~2 s~! for 12 hr per day. Potted seedlings were
arranged haphazardly on greenhouse benches, and trays
were rearranged on a weekly basis to minimize the effects
of environmental patchiness. Although it was not a com-
plete randomized design, we feel that the weekly rear-
rangements minimized the effects of localized environ-
ment in the greenhouse. Seedlings were well-watered (twice
daily), and fans were used to circulate air in the green-
house. CO, concentrations in the greenhouse averaged
approximately 370 ppm, and daytime temperatures av-
eraged approximately 26 C. All seedlings were assessed
for height and length of longest leaf on 7 February, after
77 d of growth, and harvested for biomass of roots, stems,
and leaves. Leaves from six replicate plants per family
were analyzed for carbon isotope composition.

Garden experiment —The garden experiment was con-
ducted outside at the University of Utah. Seedlings for
the garden experiment were started from seed on 5 March
1990, using 25 families (randomly selected from the 45
used in the greenhouse study) and the same seed collec-
tions and germination conditions as for the greenhouse
study. Seedlings were transplanted to individual growing
containers on 29 March, and maintained in the green-
house until the end of April. Seedlings were then accli-
mated in a cold frame until 23 May, when they were
transplanted into the garden. The experimental design in
the garden consisted of nine blocks that were randomly
assigned to either well-watered (four blocks) or water-
limited (five blocks) treatments. The unbalanced design
for water treatments was chosen on the basis of greater
expected mortality in the water-limited treatments. Each
block contained four subplots, and one replicate of each
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of the 25 families was randomly located in each subplot.
Seedlings were planted 25 cm apart, and all blocks were
well-watered for several weeks to alleviate transplant
shock. On 19 June, the differential water treatments were
started: well-watered blocks were irrigated twice a week,
and water-limited blocks received no further irrigation.
At this point in time, families were already significantly
different for plant height, designated as initial height. The
effects of differences in initial height on subsequent mea-
surements were assessed as described in the data analysis
and Results sections.

On 12 September, at the end of the first growing season,
all plants were measured for height and number of stems
greater than 5 c¢cm, and leaves were collected for deter-
mination of carbon isotope composition. Just prior to
morphological measurements, ecophysiological measure-
ments (water potentials and gas exchange) were made on
nine randomly selected families. Predawn xylem pressure
potentials (¥,,) were measured on one branch per plant
for nine replicates per family with a pressure chamber
(PMS Instruments, Corvallis, OR). Stomatal conductance
(g) and net photosynthesis (A) were measured for leaves
on intact branches with a portable gas exchange system
(LI-6200, Li-Cor, Inc., Lincoln, NE). Measurements of
daily course of gas exchange, on a subset of five plants
per treatment, determined that maximum rates occurred
between 8:30 and 10:00 a.m. local time. Measurements
of maximum rates were then made on two consecutive
days, from 8:30to 10:00 a.m. local time, at light intensities
greater than 1,700 umol m~2 s~!, for six replicates per
family in each water treatment. Leaf areas were deter-
mined with a Li-Cor 3100 area meter (Li-Cor, Inc., Lin-
coln, NE). The leaf-to-air vapor pressure gradient divided
by total atmospheric pressure (v) was calcualted using leaf
and air temperature inside the chamber and absolute hu-
midity of air outside of the chamber, minimizing the
potential error for humidity if it was not exactly balanced
by the flow rate. Leaf temperatures during the gas ex-
change measurements differed by less than 2 C for plants
in the two water treatments. Transpiration rate (E) was
then calculated as the product of g and ». After morpho-
logical measurements were made in September, three-
fourths of the replicates for each family were harvested
for determination of leaf and stem biomass.

To determine the stability of the characters and their
relationships through time, plants not harvested after the
first growing season were followed through the 1991 grow-
ing season. The well-watered treatments were irrigated
every other week for June-August, and the water-limited
treatments received no irrigation. On 9-13 September
1991, the end of the second season, plants were assessed
for height, leaf length, leaf absorptance of photosynthet-
ically active radiation or PAR (Ehleringer, 1981), above-
ground biomass, and A.

Data analysis —Family effects for each character were
analyzed with analysis of variance procedures using the
JMP statistical software package (SAS Institute Inc., 1989).
Variation among families are reported as intraclass cor-
relation coefficients, 7, which express the among-family
variance as a proportion of the total variance (Falconer,
1981; Sokal and Rohlf, 1981). Standard deviations for 7
were calculated by the method of Falconer (1981). As-
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suming that the progeny from each family were full-sib-
lings (Anderson, 1966), broad-sense heritabilities were
calculated as 27 (Falconer, 1981).

Phenotypic and genetic correlations among characters
were determined with Pearson’s product moment cor-
relation coefficients. Phenotypic correlations were cal-
culated using data for individual plants in the analyses.
Genetic correlations were calculated from family means
(Geber, 1990; Schuster et al., 1992). Although genetic
correlations can alternatively be calculated from analyses
of variance and covariance (Via, 1984), several studies
have found the results from these alternative methods for
calculating genetic correlations to be similar (Geber, 1990;
Schuster et al., 1992). Genetic correlations were not cal-
culated with characters for which no significant family
effects were detected. Many variables required transfor-
mations (log, square root, etc.) in order to approach the
normality assumptions for the analysis of variance and
correlation procedures. Normality was tested using Sha-
piro-Wilk W test in the JMP statistical package (SAS
Institute, Inc., 1989). Variables were changed back to
original scale for presentation of means.

For the garden experiments, families were significantly
different for plant height, designated as initial height, at
the initiation of the water treatments. These family dif-
ferences in initial height could have been due to genetic
family effects, which would appropriately be included in
the estimates of genetic variation, and/or differences of
environment prior to transplants, which would result in
an overestimate of genetic variation. To assess the mag-
nitude of this potential error, tests of family effects, and
phenotypic and genotypic correlation matrices were cal-
culated for both the actual character values, and character
values with the effects of initial height removed (residual
character values). The effects of initial height differences
were removed through an analysis of covariance where
actual character values were regressed against initial height,
and the resulting residuals used as characters in subse-
quent analyses (Geber, 1990). Because leaf A and mor-
phological characters were correlated with initial height
in the first year of the garden study, family effects are
presented for both actual character values and residual
character values. A comparison of correlation matrices
constructed using actual character values and residual
character values indicated that the relationships were pre-
dominately of the same sign, magnitude, and significance,
and only the matrices using the actual data are presented.

For the garden experiment, the water treatment effects
were determined with a two-way analysis of variance pro-
cedure with water treatment and family as independent
variables. The effect of year was determined with analysis
of variance procedures that included year, water treat-
ment, and family in the model.

RESULTS

Family effects —Families differed significantly for mor-
phological characters, biomass, and A in the well-watered
greenhouse study (Table 1) and in the well-watered and
water-limited garden treatments in year one (Tables 2,
3). Intraclass correlation coefficients, 7, estimate among-
family variance (Tables 1-3). For the greenhouse, 30% of
the variation in biomass and 17% of the variation in A
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TABLE 2. Statistics, [overall means and ranges of family means, F values, and intraclass correlation coefficients ()] for morphological and
physiological characters measured on Chrysothamnus nauseosus grown in the well-watered garden treatment. F and 7 values in parentheses
represent analyses with residuals after effects of initial size removed (see Materials and Methods for distinction); carbon isotope discrimination
(A), photosynthetic carbon assimilation (A), stomatal conductance to water vapor (g), ratio of internal leaf to ambient CO, concentration (c;/
c,), predawn water potential (¥,,), and photosynthetically active radiation (PAR).

# Families,
# Replicates Means (+SD) Range F (sig.)? 7 (£SD)
1990

Height, initial (cm) 25,16 2.89 £ 0.74 1.86-4.71 11.21%** 0.408 = 0.079

Height, Sept. (cm) 25, 16 35.75 + 3.64 30.64-44.86 3.07*** 0.122 + 0.046
(1.91** 0.058 = 0.033)

# Stems, Sept. 25,16 28.80 + 8.40 15.73-46.84 2.37*** 0.089 + 0.040
(1.86** 0.056 + 0.032)

Shoot biomass (g) 25, 12 10.87 = 4.12 5.58-22.12 2.34%** 0.108 + 0.044
(1.99** 0.083 + 0.038)

Leaf/shoot biomass 25,12 0.48 £ 0.03 0.43-0.54 3.13%** 0.189 + 0.058
(3.16*** 0.165 £ 0.054)

A (%0) 16, 12 22.10 = 0.27 21.58-22.58 2.06* 0.099 = 0.060
(1.93* 0.087 = 0.057)

A (umol m~—2 sec™') 9,6 26.18 = 1.69 23.74-28.99 0.55 ns -

g (mol m~2sec™!) 9,6 0.71 £ 0.07 0.61-0.79 1.66 ns -

c/c, 9,6 0.75 £ 0.02 0.72-0.77 1.61 ns -

V., (MPa) 9,9 —1.07 £0.10 —-0.95- —-1.27 6.52%** 0.390 + 0.148

1991

Height, Sept. (cm) 25, 4 67.0 £ 6.1 54.8-79.6 1.41 ns -

Shoot biomass (g) 25,4 122.1 = 66.3 44.1-355.3 1.57 ns -

Leaf length (cm) 25,4 5.50 = 0.50 4.5-6.5 1.18 ns -

Leaf absorptance of PAR (%) 25,4 0.65 = 0.03 0.58-0.69 1.80* 0.181 £ 0.105

A (%o0) 12, 4 20.43 + 0.75 19.17-21.5 2.03 ns (P =0.06)

a Significance levels for family effects: ns = not significant, * = P < 0.05,

could be attributed to family effects (Table 1). For the
garden experiment, family effects are presented for each
water treatment, even though there were no significant
interactions between family and water treatment, because

** = P < 0.01, ** =P < 0.001.

correlations among biomass, A, and gas exchange char-
acters differed in the treatments. For the garden experi-
ments the F and 7 values are presented both for the actual
character values and for residual character values that

TaBLE 3. Statistics [overall means and ranges of family means, F values, and intraclass correlation coefficients ()] for morphological and
physiological characters measured on Chrysothamnus nauseosus grown in the water-limited garden treatment. F and 7 values in parentheses
represent analyses with residuals after effects of initial size removed (see Materials and Methods for distinction); carbon isotope discrimination
(A), photosynthetic carbon assimilation (A), stomatal conductance to water vapor (g), ratio of internal to ambient leaf CO, concentration (c;/
¢,), predawn water potential (¥,,), and photosynthetically active radiation (PAR).

# Families,

# Replicates Means (+SD) Range F (sig.)® 7 (£SD)
1990

Height, initial (cm) 25,20 2.93 +0.73 1.97-4.59 19.34%** 0.489 + 0.078

Height, Sept. (cm) 25,20 31.22 +2.58 26.70-35.61 2.10** 0.054 = 0.028
(2.07** 0.053 £+ 0.028)

# Stems, Sept. 25, 20 13.78 = 4.37 6.87-24.20 3.20%** 0.103 £ 0.039
(2.77*** 0.085 = 0.0395)

Shoot biomass (g) 25,15 3.98 + 1.85 1.77-10.77 3.72%** 0.158 = 0.054
(3.40*** 0.148 + 0.052)

Leaf/shoot biomass 25, 15 0.36 + 0.03 0.30-0.44 2.04*** 0.071 = 0.037
(2.08** 0.070 = 0.037)

A (%0) 16, 12 20.46 = 0.53 19.47-21.51 2.40%* 0.117 £ 0.064
(2.62* 0.133 £ 0.068)

A (umol m—2 sec™') 9,6 26.61 + 2.22 22.43-29.35 0.69 ns -

g (mol m~2 sec™') 9,6 0.48 + 0.03 0.45-0.53 0.37 ns -

c/c, 9,6 0.68 + 0.02 0.66-0.71 0.44 ns -

¥, (MPa) 9,9 —-1.37 £ 0.13 —1.55- —-1.21 4.07*** 0.254 £ 0.133

1991

Height, Sept. (cm) 25,5 50.5 £ 5.2 38.8-60.0 1.42 ns —

Shoot biomass (g) 25,5 50.2 £ 5.2 38.7-59.9 1.42 ns -

Leaf length (cm) 25,5 5.06 £ 0.45 4.12-6.06 0.95 ns -

Leaf absorptance of PAR (%) 25,5 0.59 + 0.03 0.50-0.66 1.39 ns —

A (%00) 12, 4 18.53 £ 0.34 17.89-18.89 0.64 ns -

= Significance levels for family effects: ns = not significant, * = P < 0.05,

** = P < 0.01, ¥ =P < 0.001.
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TABLE4. Phenotypic (above the diagonal) and genetic (below the diagonal) correlation matrix, and significance levels* for morphological characters,
biomass, and carbon isotope discrimination (4) for Chrysothamnus nauseosus in well-watered and water-limited treatments in year one of the
garden study (see Table 2 for units and abbreviations [N = 25 families for morphological and biomass characters, N = 16 families for A]).

Initial height September height September # stems Shoot biomass Leaf/shoot biomass A
Well-watered
Initial height - 0.359%** 0.265%** 0.264** —0.228%** —0.184*
September height 0.689*** — 0.487*** 0.597%** —0.338%** —0.224**
September # stems 0.458* 0.497* — 0.875%** —0.155* —0.122 ns
Shoot biomass 0.369 ns 0.495* 0.869%** - —0.152* —0.272**
Leaf/shoot biomass —0.381 ns —0.569** —0.104 ns 0.022 ns - —0.077 ns
A —0.081 ns —0.087 ns —0.081 ns -0.616* —0.124 ns —
Water-limited
Initial height - 0.203*** 0.138%** 0.223%** —0.167** 0.035 ns
September height 0.371 ns - 0.463%** 0.607*** —0.209** 0.059 ns
September # stems 0.442* 0.709%** - 0.833%** 0.056 ns 0.142 ns
Shoot biomass 0.380 ns 0.712%** 0.802%** — 0.016 ns 0.008 ns
Leaf/shoot biomass —0.183 ns —0.398* —0.115 ns 0.049 ns — —0.219*
A 0.211 ns —0.152 ns —0.081 ns —0.540* -0.611* -

a Significance levels: ns = not significant, * = P < 0.05, ** = P < 0.01, ** = P < 0.001.

have the effects of initial height removed (see Materials
and Methods for distinction). The analysis of the actual
character values would tend to overestimate family effects
because environmental effects on initial height would be
included, and the analysis of residual character values
would tend to underestimate family effects to the extent
that genetic differences expressed prior to the initiation
of the water treatment would be removed. Although a
comparison of F and 7 values for actual and residual
characters did suggest that some environmental and/or
family effects had been expressed prior to initiation of
the water treatments, the differences were not substantial.
For the garden, within each water treatment, less than
15% of the variation of both biomass and A could be
attributed to family effects, regardless of whether 7 values
for actual or residual character values were used. Since
progeny from a single family (parent shrub) were full-
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Fig. 1. The relationship between biomass and carbon isotope dis-
crimination (A) for Chrysothamnus nauseosus in well-watered and water-
limited treatments in the garden study. Actual data are plotted here,
and statistics in the text are reported for these data transformed to meet
normality assumptions (inverse hyperbolic sine).

siblings, broad-sense heritabilities (h?) for A in the
well-watered greenhouse, well-watered garden, and water-
limited garden experiments were 0.35, 0.20, and 0.24,
respectively (Falconer, 1981). Although h? for A can po-
tentially be estimated from the regression of offspring
(family mean) on parent character values, there were no
significant correlations between family means (for either
greenhouse or garden experiments) and parent plants in
the field (on any date).

Significant family differences were also found for pre-
dawn water potentials, but not for gas exchange characters
in year one of the garden study (Tables 2, 3). Family effects
were also not significant for morphological characters in
year two of the garden study, with the exception of leaf
absorptance of PAR in the well-watered treatment.

Correlations within water treatments—In the garden
experiment, phenotypic and genotypic correlations among
the estimates of size (canopy height, number of stems,
and aboveground biomass) were positive within both the
well-watered and the water-limited treatments (Table 4).
The phenotypic correlation for shoot (leaf and stem) bio-
mass and A was negative for the well-watered treatment
(i.e., more water-use efficient plants were larger) and not
significant for the water-limited treatment (Table 4; Fig.
1). Genetic correlations for shoot biomass and A were
negative for both water treatments in the garden (Table
4). For the greenhouse treatment, the correlations were
consistent with those for the garden well-watered treat-
ment; negative phenotypic correlations of A with both
shoot biomass (P < 0.001, r = —0.32, N = 286) and total
(root and shoot) biomass (P = 0.001, r = —0.19, N =
286), and negative genetic correlations of A with both
shoot biomass (P < 0.001, r = —0.54, N = 45 families)
and total biomass (P = 0.002, r = —0.45, N = 45 families).

For the garden study, phenotypic correlations for the
predawn water potentials, gas exchange characters, above-
ground biomass, and A were calculated for the subset of
families and individuals for which all characters had been
evaluated (Table 5). Even with fewer numbers of families
and numbers of individuals in this analysis, phenotypic
correlations between biomass and A were consistent with
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those in Table 2 and 3; negatively correlated in the well-
watered treatment and not correlated in the water-limited
treatment. In both the well-watered and water-limited
treatments, there was a significant positive correlation
between c¢,/c, and A. As expected, E and g were positively
correlated for both the well-watered (P < 0.001, r=0.77,
N = 52) and the water-limited treatments (P < 0.001, r
= 0.78, N = 51), and A/E and A/g were positively cor-
related for both the well-watered (P < 0.001, r = 0.72,
N = 52) and the water-limited treatments (P < 0.001, r
= (0.64, N = 51). Thus, E and A/E are excluded from the
correlation matrices for the sake of brevity.

In both the well-watered and water-limited treatments,
A was positively correlated with c;/c, and g, but not with
A (Table 5). In addition, c;/c, was positively correlated
with g, but negatively correlated with A. This was some-
what surprising since A was positively correlated with g.
The gas exchange data are plotted with A as a function
- of ¢; (Fig. 2), and a model is proposed in the discussion.
W, was positively correlated with A only in the water-
limited treatment.

Response to water treatments —C. nauseosus plants in
the well-watered garden treatment were significantly dif-
ferent (P < 0.01) from plants in the water-limited treat-
ment for all variables listed in Tables 2 and 3, with the
exceptions of initial height and A, which were not sig-
nificantly different. In 1990, families in the well-watered
treatment had an aboveground biomass of 10.87 g and a
A value of 22.10%o as compared to the water-limited treat-
ment with a biomass of 3.98 g and a A value of 20.46%o.
Although the water-limited treatment ¥_, was only 0.3
MPa more negative at the time of the gas exchange mea-
surements, the water-limited treatment g and c;/c, were
65% and 87% lower, respectively, than those of the well-
watered treatment (Tables 2, 3). There were no significant
interactions between water treatment and family for any
characters.

Comparison of year one and year two in the garden—

There were no significant interactions between year and
family or water treatment for height, biomass, and A char-

TABLE 5.
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Fig. 2. A model representing the relationship of photosynthetic rate
(A) to internal carbon dioxide concentration which includes the gas
exchange data for Chrysothamnus nauseosus in the well-watered and
water-limited treatments in the garden. The potential variation in pho-
tosynthetic variation is represented by the range of initial slopes (a).
The range in stippled lines (b) represents the range in stomatal con-
ductances, grouped by well-watered and water-limited treatments.

acters. Thus, family rankings for each character were
maintained even though family effects were not significant
in year two. This is supported by a significant correlation
between A in 1990 and in 1991 (r = 0.61, P < 0.001, N
= 63). The phenotypic relationships between biomass and
A were also the same for year two, negatively correlated
in the well-watered treatment (r = —0.41, P = 0.006, N
= 44) and not correlated in the water-limited treatment
(r=0.10, P = 0.514, N = 48). For the individual plants
measured for A in both years of the study, A was signif-
icantly more negative the second year. Plants in the well-
watered treatment shifted from a mean 0f21.96 to 20.49%o
(F=47.61, P < 0.001), and plants in the water-limited
treatment shifted from a mean of 20.30 to 18.49%0 (F =
87.50, P < 0.001).

Phenotypic correlations and significance levels? for xylem pressure potentials, gas exchange characters, biomass, and carbon isotope

discrimination (A) for Chrysothamnus nauseosus in well-watered and water-limited treatments in year one of the garden study. See Table 2
for character abbreviations and units (N = 8 families with six to 12 replicates per family).

Shoot biomass Vo g c/c, A
Well-watered
Initial height 0.351* —0.035 ns —0.105 ns —0.189 ns —0.179 ns —0.095 ns
Shoot biomass - 0.245 ns —0.033 ns —0.241 ns —0.257 ns —0.436%*
\ - - 0.016 ns —0.021 ns —0.064 ns —0.016 ns
A 0.568*** —0.352** 0.085 ns
g — 0.484%** 0.433**
c/c, - 0.403**
Water-limited
Initial height 0.119 ns 0.049 ns —0.043 ns —0.038 ns —0.052 ns 0.172 ns
Shoot biomass - 0.069 ns 0.222 ns 0.169 ns —0.198 ns 0.040 ns
Yoy - 0.040 ns 0.265 ns 0.261 ns 0.384%**
A - 0.698*** —0.457%** —0.046 ns
g — 0.273* 0.417**
c/c, — 0.549***

2 Significance levels

: ns = not significant, * = P < 0.05, * = P < 0.01, ** = P < 0.001.
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DISCUSSION

In this experiment, leaf A was positively correlated with
c;/c,, as expected from theory (Farquhar, Ehleringer, and
Hubick, 1989) and shown for a number of species. Hence
we used A as an estimate of c;/c, and A/g. Also, leaf
temperature did not vary substantially within and across
water treatments, so that A provided a reasonable inte-
grated estimate of A/E (Ehleringer, Phillips, and Com-
stock, 1992). For this study, discussions of differences in
A or ¢;/c, or A/g or A/E refer to the same basic parameter
or physiological set-point that is determined by the in-
teraction of photosynthetic capacity and the stomatal lim-
itation to photosynthesis.

Genetic variation in A—Genetic variation for A has
previously been documented for agricultural and nonagri-
cultural plants (see introduction for references). For C.
nauseosus, we found significant family effects, and hence
genetic variation, for A, biomass, and other morphological
characters, assuming no significant maternal environment
effects. Based on a full-siblings relationship among each
family (progeny from one parent plant), broad-sense her-
itabilities (h2) for A are estimated at 0.35, 0.20, and 0.24,
for the well-watered greenhouse, well-watered garden, and
water-limited garden experiments, respectively. Broad-
sense heritabilities include the additive effects of genes,
as well as dominance and epistatic effects. All of these
factors (i.e., total genetic variation between families) de-
termine the potential for a population of an inbred species
(such as would result from continual self-fertilization) to
respond to selection, rather than just additive genetic vari-
ation (Falconer, 1981; Geber, 1990). Thus, broad-sense
h2 provides a reasonable upper limit estimate for potential
response of C. nauseosus to selection. Maternal environ-
ment effects on A would decrease estimates of h?, but they
have been found to be relatively small for other species
(Hubick, Shorter, and Farquhar, 1988; M. Brick, Colo-
rado State University, Fort Collins, CO, personal com-
munication).

For C. nauseosus, the broad-sense h? estimates range
from 0.20 to 0.35 for A, and appear to be relatively low
when compared to the broad-sense h? estimates of 0.81
and 0.92 for Gutierrezia microcephala (Asteraceae), an
out-crossing shrub that co-occurs with C. nrauseosus
(Schuster et al., 1992). Our estimates of h? for A were
higher for the greenhouse as compared to the garden, but
were similar for the two water treatments in the garden.
For plants such as crested wheatgrass (Johnson et al.,
1990) estimates of h? have also been found to differ with
environmental conditions. On the other hand, similar h?
estimates for well-watered and water-limited treatments
have been found for cowpea plants (h? of 0.76, Hall et
al., 1990), and for wheat (h? of approximately 0.72, Ehdaie
et al., 1991). In all, we did find significant family differ-
ences for A in each environment, suggesting that there
was genetic variation upon which the process of natural
selection could act. However, the low estimates of 7 and
h2 suggest that the potential rate of change in response to
selection would be relatively slow.

Biomass and A —Biomass is the character in this study
that most closely approximates fitness. We have suggested

DONOVAN AND EHLERINGER — SELECTION, WATER-USE EFFICIENCY, AND DISCRIMINATION

933

that a higher A (lower water-use efficiency) might be ad-
vantageous for young or small, establishing plants in nat-
ural populations, if it were associated with increased bio-
mass accumulation (i.e., positive correlation between A
and biomass) and greater access to soil moisture (Donovan
and Ehleringer, 1991, 1992; Sandquist et al., 1993). In
this study, phenotypic correlations between biomass and
A depended on the environment; negative in the well-
watered greenhouse and garden treatments (less water-
use efficient plants were smaller), not significant in the
water-limited garden treatment, and positive for com-
bined well-watered and water-limited treatments (an en-
vironmentally induced relationship). However, genetic
correlations between biomass and A were negative within
all of the treatments. The potential for a change in A in
response to selection on biomass would be dependent on
the genetic correlations between A and biomass, which
were consistently negative in these experiments. For C.
nauseosus, selection for greater biomass or size would be
associated with lower A (greater water-use efficiency), con-
trary to our previous selective arguments.

The relationships between biomass and A have been
reported to vary in strength and sign, even when data
were restricted to those comparing individuals of one
species and in one environment (see introduction). Mech-
anistically, the different relationships are generated by
variation in photosynthetic capacity and/or stomatal lim-
itation (Hubick, Farquhar, and Shorter, 1986; Virgona et
al., 1990). A negative relationship between A and biomass
occurs when variation in photosynthetic capacity is more
prevalent than stomatal limitation (Virgona, 1992). Al-
though we do not have direct measures of either photo-
synthetic capacity or stomatal limitation for C. nauseosus,
the expected variations in photosynthetic capacity (based
on the relationships between A and biomass) are consis-
tent with the instantaneous gas exchange measurements
from the garden (Table 5; Fig. 2). Figure 2 is a plot of the
photosynthetic rate plotted as a function of internal CO,
concentration (c;) where ambient CO, (c,) is 350 ppm,
and a hypothetical model superimposed over the data.
The model assumes a CO, compensation point of ap-
proximately 70 ppm and assumes that each gas exchange
point lies either at or below the point where A is limited
by RuBP regeneration (sensu Farquhar and Sharkey, 1982).
Photosynthetic capacities can be visualized at the slopes
of the model, i.e., from the CO, compensation point to
each data point (Fig. 2). Within each treatment, variation
in photosynthetic capacity is suggested by negative cor-
relations between A and c;/c, (Table 5; Fig. 2) and the
range of initial slopes in the model (Fig. 2). Also within
each treatment, positive correlations between A and g
suggest that stomatal limitation also contributes to vari-
ation in c;/c, and A (Ehleringer, 1990; Ehleringer et al.,
1990).

Well-watered treatment plants had the same A but
greater aboveground biomass than water-limited treat-
ment plants. This apparent lack of a relationship between
carbon uptake (A) and biomass accumulation could result
from two sources. First, instantaneous A measured at one
point during the growing season may not reflect the long-
term pattern. However, the instantaneous c;/c, values (cal-
culated from A and g for the well-watered and water-
limited treatments) match the independent estimates of
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¢;/c, from A and hence support our relative measurements
of A. Second, plants in the water treatments may have
had similar photosynthetic rates but different allocation
patterns. If plants in the well-watered treatment parti-
tioned more photosynthate to leaves early in the study,
then the greater leaf area would have resulted in a com-
pound interest effect of overall carbon gain even if rates
per unit leaf area were not different (Hubick and Farquhar,
1989).

Plasticity for A—The differences in A values for the
water treatments and the differences in A values for year
one and two demonstrate that there is substantial phe-
notypic plasticity for this character. Plants in the water-
limited garden treatment had A values that were approx-
imately 1.6%0 more negative, on average, than those in
the well-watered treatment. This difference in A is pre-
dominately due to lower rates of g in the water-limited
environment (Tables 2, 3, 5; Fig. 2), suggesting increased
predominance of stomatal limitation, and is consistent
with the positive relationship between A and biomass
when data for both treatments are combined (Fig. 1).
Values of A values both in the well-watered and water-
limited treatments were approximately 1.5%o0 more neg-
ative, on average, in the second year of the study as com-
pared to the first year. This shift in A as plants become
taller and accumulate more biomass corroborates the neg-
ative relationship between A and size found for the pop-
ulation of C. nauseosus that included all of the parent
plants for this study (Donovan and Ehleringer, 1992).
Although these relationships suggest the potential for a
developmental or ontogenetic shift in A (Donovan and
Ehleringer, 1992), a more likely explanation is variation
in environmental factors, such as nitrogen, that would
affect photosynthetic capacity. An understanding of the
role of A and water-use efficiency in aridland plant pop-
ulations will require further investigation of the relation-
ship between growth and the functional control of A (pho-
tosynthetic capacity and stomatal limitation) under various
environmental regimes.
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