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Summary. Water is usually considered to be the key limiting
factor for growth of desert plants, yet there is little informa-
tion available of the water-use efficiency of species within
a desert community. Leal carbon isotope ratios, an indi-
cator of long-term intercellular carbon dioxide concentra-
tions and thus of water-use efficiency in C, plants, were
measured on species occurring within a Sonoran Desert
community, consisting of wash, transition and slope micro-
habitats. Along a soil moisture gradient from the relatively
wetter wash to the relatively drier slope, leaf carbon isotope
ratios increased in all species, indicating that water-use effi-
ciency increased as soil water availability decreased. Leaf
carbon isotope ratios of long-lived perennials were substan-
tially more positive than in short-lived perennials, even
though plants were growing adjacent to each other. Leaf
carbon isotope ratio and leaf duration (evergreen versus
deciduous) were not correlated with each other. The results
are discussed in terms of how the efficiency of water use
may affect community structure and composition.
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Within the warm deserts of North America, a number of
studies have described associations between vegetation zon-
ation patterns and environmental variables. A major con-
clusion of these studies is that soil water availability and
soil particle size are the primary factors responsible for es-
tablishment of the observed vegetation patterns on non-
disturbed sites (Shreve 1915, 1942; Yang and Lowe 1956;
Shreve and Wiggins 1964; Klikoff 1967; Phillips and Mac-
Mahon 1978). Implicit within these studies is the notion
that soil moisture levels are limiting and that plants are
differentially distributed along this cline because of differ-
ences in their ability to tolerate low soil moisture availabili-
ty andfor to compete for this limiting resource. Indeed,
despite the earlier suggestion to the contrary by Shreve and
Wiggins (1964), there is now ample evidence that plants
in deserts do compete with each other, most notably for
soil moisture (Fowler 1986). A logical extrapolation of the
available competition data is that these plant interactions
ultimately affect community composition, although experi-
mental verification of this notion is lacking at present.
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While the concepts of zonation and competition within
desert plants are generally accepted, the specifics are not
well understood. For instance, there are no data available
regarding the critical relationships between productivity
and water consumption of desert plants other than the gen-
eral observation that primary productivity and rainfall are
positively correlated (Ehleringer and Mooney 1983). Desert
perennials are often classified according to the rate at which
water is transpired (e.g. water-wasters, water-conservative,
etc.) (MacMahon and Schimpf 1981; Smith and Nobel
1986), but not according to the tradeoffs between photosyn-
thetic carbon gain and water loss. Evolutionary models of
optimal plant function in deserts, while noting the tradeoff
between photosynthetic carbon gain and water loss gov-
erned by stomata, have focused on the rates of primary
productivity rather than on the water-use efficiency asso-
ciated with that biomass production (Johnson 1975; Orians
and Solbrig 1977; Solbrig and Orians 1977). Yet the early
studies of Briggs and Shantz (1913, 1914) demonstrated
that there could be large differences among species in the
ratio of dry matter production to water consumption
(water-use efficiency), even when plants were grown under
common conditions.

The limited success in extending the earlier Briggs and
Shantz observations into most ecological situations has
been in part because of the destructive nature of the analysis
which prevents prolonged comparative analyses and in part
because of the tremendous labor efforts involved. However,
alternative means of estimating water-use efficiency have
been developed which are less labor-intensive, and still yield
long-term information about the efficiency of water use
by a plant. Since stomata govern the rates at which carbon
dioxide and water vapor diffuse into and out of a leaf,
the relative differences in water-use efficiency (ratio of pho-
tosynthesis to transpiration, A/E) of different species or
of plants within different microhabitats can be calculated
from -

AJE =(ca—c)/(1.6 Aw) (1)

where ¢, is the ambient carbon dioxide concentration (as-
sumed to be 340 pl 1™ 1), ¢; is the intercellular carbon diox-
ide concentration, 4w is the leaf to air water vapor concen-
tration gradient, and 1.6 is the ratio of the diffusion coeffi-
cients of water to carbon dioxide in air. Long-term esti-
mates of ¢; can be obtained by carbon isotope ratio analysis
(Farquhar et al. 1982).



In the present study, we address the questions of 1) how
does water-use efficiency vary among desert plants in a
common habitat and 2) does the water-use efficiency of a
species vary as soil water availability changes. We used
carbon isotope ratios to obtain long-term estimates of ¢;,
which then allow us to extrapolate to water-use efficiency
if we assume that leaf temperatures of the species sampled
are similar during the photosynthetically active period (Far-
quhar et al. 1982). Field observations of when plants are
active and of leaf temperatures generally tend to support
this assumption (Comstock etal. 1988; Ehleringer and
Cooper, unpublished observations).

Materials and methods

The study site was approximately 9 km west of Oatman,
Arizona (lat. 34° 57" N, long. 114° 25" W, 657 m elevation).
The vegetation of this area is transitional between Mohave
Desert southwestern portion and the Sonoran Desert Lower
Colorado valley portion (Shreve and Wiggins 1964). The
site consisted of three defineable microhabitats: slope, tran-
sition zone, and wash (Fig. 1). The slopes consisted of shal-
low soils with limited soil development and often having
bedrock exposed at the surface. Below the slopes were the
bajadas, expansive alluvial fans. These bajadas consisted
of two components: the wash and the transition zone. Wash
microhabitats are best described as a region of active soil
and gravel deposition, soil movement (via flashflooding),
and deeper gravelly soils. The transition zone is the stabi-
lized portion of the bajada, originally formed from wash
deposits, but no longer subjected to active soil movement
in recent times.

In each of the three microhabitats, five randomly placed
linear transects of 100 m each were used to describe the
plant community composition. Additionally, each microha-
bitat was traversed several times to identify species present
in the microhabitat, but that were missed by limiting our
linear sampling to 500 m. Species identification follows
Shreve and Wiggins (1964).

Long-term estimates of the intercellular carbon dioxide
concentration (¢;) were calculated by rearranging the equa-
tions originally developed by Farquhar, O’Leary and Berry
(1982) as

fi=Cn'"(‘s13Cnlr'_(slaclea!'_'a)!(b_a) (2)

where ¢'3C,;, and §'3C ., are the carbon isotope ratios
of the air and leaf, respectively, a is the discrimination asso-
ciated with the slower diffusion rate of 3CO, (a =4.4%,),
and b is the net discrimination against '*CO, associated
with RuBP carboxylase (b =27).

Carbon isotope ratios were determined on bulked sam-
ples collected following summer rains in early October.
Each sample consisted of ten leaves from ten different

slope

transition

wash

Fig. 1. Cross-sectional depiction of the site, illustrating wash, tran-
sition and slope microhabitats
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plants of the same species. The sample was dried, ground
to 40 mesh and then subsampled. Carbon isotope ratios
were determined on carbon dioxide collected from com-
busted samples using a Finnigan MAT delta E isotope ratio
mass spectrometer. Carbon isotope ratios are expressed rel-
ative to the PDB standard using the equation:

513C=(RsnmplefRstandard_1)'1000 (3)

where §'3C is the carbon isotope ratio of the sample in
parts per mil (%), Reampte a1d Ryjandara are the 13C/*2C ra-
tios of sample and standard, respectively. The precision of
each isotopic measurement is 0.02%, and repeatability of
cach sample was +0.08%,.

Results

Both plant cover and the number of species decreased from
the wash, the region of relatively greater soil water availabil-
ity, to the slopes, the region of relatively less soil water
availability (Table 1). Yet at the same time, plant density
increased along this cline, going from 24.2 to 43.4 plants
per 100 m. The consequence of these two opposite patterns
was that the mean plant length intersecting the transect
(i.e. average plant size) for all species decreased from 1.75 m
to 0.64 m between wash and slope microhabitats, respec-
tively.

Of the 17-21 species occurring within each microhabi-
tat, only 2 or 3 species were common enough to represent
5% or more of the ground cover (Table 2). The wash micro-
habitat was dominated by Acacia greggii (a tall shrub at
this site) (14%) and Chilopsis linearis (a tree) (11.5%). Two
shrubs, Ambrosia eriocentra and Chrysothamnus panicula-
tus, were slightly less common, but together comprised 9%
of the ground cover. The transition microhabitat was domi-
nated by Acacia greggii (8.8%) and Larrea divaricata
(9.0%). On the slopes, L. divaricata continued to predomi-
nate, but shared this position with another shrub, Encelia
Sfarinosa (6.4%).

Of the 30 perennial species present, only 10 species oc-
curred in all three microhabitats. In none of these cases
was a single species dominant in all three zones, but rather
the pattern was either that the species was present, but
uncommon in all three microhabitats (Ambrosia dumosa,
Bebbia juncea, Cassia covesii, Eriogonum fasciculatum, E.
inflatum, and Porophyllum gracile) or else it was common
in two microhabitats and present, but uncommon in the
third (Acacia greggii, Ephedra viridis, Krameria parvifolia,
and Larrea divaricata).

Along the decreasing soil moisture cline from wash to
slope microhabitats, leaf carbon isotope ratios of individual
species tended to increase (Table 3). In several instances
(Ambrosia dumosa, Eriogonum inflatum, and Hymenoclea
salsola), leaf carbon isotope ratios increased by 2%, or more

Table 1. Percentage ground cover, plant density, and total number
of species at wash, transition and slope microhabitats near Oatman,
Arizona

wash transition slope
Per cent plant cover 424 30.6 279
Number of plants per 100 m 242 320 434
Total number of perennial species 21 20 17

in microhabitat
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Table 2. Per cent cover for individual species in wash, transition
and slope microhabitats near Oatman, Arizona. A ““ + " indicates
that the species was present in that microhabitat, but that its fre-
quency was less than 0.1% of the ground cover. NP indicates that
the species was not present in that microhabitat

wash transition slope
Acacia greggii 144 88 0.9
Acamptopappus sphaerocephalus NP 25 NP
Ambrosia dumosa 0.0+ 0.1 0.7
Ambrosia eriocentra 34 NP NP
Bebbia juncea 0.5 00+ 0.9
Cassia covesii 0.0+ 0.1 1.7
Cercidium floridum 0.0+ NP NP
Chilopsis linearis 11.5 NP NP
Chrysothamnus paniculatus 56 NP NP
Encelia farinosa NP 0.2 6.4
Encelia frutescens 0.1 NP NP
Ephedra viridis 0.5 32 1.8
Eriogonum fasciculatum 0.2 1.2 0.0+
Eriogonum inflatum 01 06 0.3
Echinocereus sp. NP NP 0.1
Hymneoclea monogyra 1.4 NP NP
Hymenoclea salsola 13 0.0+ NP
Krameria parvifolia 0.6 20 24
Larrea divaricata 1.6 9.0 10.5
Lycium andersonii 0.0+ 0.0+ NP
Phoradendron californicum 0.5 0.7 NP
Porophyllum gracile 03 04 1.5
Psilotrophe cooperi NP 04 0.0+
Opuntia acanthocarpa NP NP 0.6
Opuntia basilaris NP 0.0+ 0.1
Salazaria mexicana NP 1.5 NP
Senecio douglasii 02 NP NP
Spaeraclea ambigua NP 0.0+ 0.0+
Stellinga sp. 0.0+ NP NP
Viguiera laciniata NP 0.0+ 0.0+

Community weighted values
-28r

-26

- 24

Caﬂw_n isotope ratio, o/00

- 22

wash

transition slope

Fig. 2. Mean carbon isolope ratio of the perennial vegetation,
weighted [or species abundance, in wash, transition and slope mi-
crohabitats

(Table 3). This pattern implied on overall decrease in inter-
cellular carbon dioxide levels (¢;) as soil moisture became
less available. Of the 17 species which occurred in at least
two different microhabitats, leaf carbon isotope ratios were
more positive (lower ¢;) on the drier sites for 14 of these
species. In the three cases for which carbon isotope ratios
appeared to decrease instead of increase (Eriogonum fasci-

Table 3. Leaf carbon isotope ratio of bulked samples for individual
species in wash, transition and slope microhabitats near Oatman,
Arizona. A blank indicates that the species was not presenl in
that microhabitat. Leal types are dd=drought deciduous, wd=
winter deciduous, e=evergreen, and es=evergreen stem, Species
are categorized according to their longevity, which is based upon
information in Shreve and Hinckley (1937), Wells (1961), Vasek,
Johnson and Brum (1975), Vasek, Johnson and Eslinger (1975),
Beatley (1979), Carpenter, Barbour, and Bahre (1986), Goldberg
and Turner (1986), Webb, Steiger and Turner (1987)

leaf  wash tran- slope
type sition

long-lived (504 years)
Cercidium floridum dd —24.07
Chilopsis linearis wd —25.37
Chrysothamnus paniculatus  wd —26.69
Ephedra viridis es —-23.30 —23.82
Krameria parvifolia dd —-24.60 —23.87
Larrea divaricata ¢ —2412 —23.60 —22.67
Lycium andersonii [ —-2532 -=25.09

—2511 —=2415 2345
medium-lived (1040 years), opportunistic
Acacia greggii wd —2740 —25.82
Ambrosia dumosa dd —-27.37 -26.04 2537
Encelia farinosa dd —26.13 —25.46
Encelia frutescens ,dd —27.51
Hymenoclea salsola dd —2645 —23.54
mean —27.18 —2538 —2542
short-lived (1-10 years), opportunistic
Ambrosia eriocentra dd —29.29
Bebbia juncea dd —28.33 —26.66 —25.80
Cassia covesii dd —2603 —=26.71 —26.83
Eriogonum fasciculatum dd —2640 —26.53
Eriogonum inflatum dd —28.17 2582 2570
Phoradendron californicum  es —27.14  —26.96
Porophyllum gracile dd —27.47 —26.75 —26.55
Psilostrophe cooperi dd —27.65 =27.02
Sphaeralcea ambigua dd —27.38 -27.57
Viguiera laciniata dd —26.08 —26.40
mean —-27.74 —-267T1 —26.55

culatum, Sphaeraclea ambigua, and Viguiera laciniata), the
differences in isotope values belween sites were rather small
(0.13-0.32%,). Since in each instance, each of these plant
species was also uncommon, it is possible that this apparent
countertendency represented a sampling error.

The average carbon isotope ratio in each microhabitat
was determined by weighting the isotopic ratio of each spe-
cies by its abundance in that microhabitat (Fig. 2). These
calculations revealed that carbon isotope ratios were most
negative in plants from the wash microsite (—26.59%,), in-
termediate in the transition microsite (—24.89%,), and most
positive at the slope microsite (—24.19%,). These average
carbon isotope ratios translated into average ¢; values of
213, 188 and 178 pl 17! for wash, transition and slope mi-
crohabitat plants, respectively.

Discussion

Within almost all species from this survey, carbon isotope
ratios declined with decreasing soil walter availability (wash




to transition to slope microsites). The magnitude of this
isotope ratio change depended upon the individual species,
but the trend clearly indicates that ¢; values decreased with
decreasing soil water availability. Since a 1%, change in
J'3C is equivalent to approximately a 15 pul 17! difference
in ¢;, the data from Table 3 imply that ¢; values of an indi-
vidual species vary on average approximately 20 pul 17, and
may vary by as much as 43 pl17! in some species, such
as Hymenoclea salsola.

A decrease in the operational ¢; value indicates an in-
crease in the stomatal diffusion limitation te photosynthesis
and also an increase in leaf water-use efficiency (unless off-
set by a substantial rise in leaf temperature). Thus, the §'*C
data show that both the stomatal limitations and water-use
efficiency of a specics increases as soil water availability
decreases. At the community level, it appears that there
are substantial decreases in the average ¢; value in the wash
and transition microhabitats (weighted values of 213 versus
188 pl 17 1), but less so between transition and slope micro-
sites (188 versus 178 pl 1™ 1)

Do the ¢; values and hence water-use efficiency correlate
with life form? The data are somewhat limited, but there
is a tendency for trees to have lower ¢; values than shrubs
and for evergreen-leaved shrubs to have lower ¢; values
than deciduous-leaved shrubs,

Perhaps more striking is the correlation between ¢'3C
and life expectancy. Actual life expectancy data for desert
shrubs are limited, but there is a strong consensus that
desert perennials can be roughly divided into three groups:
short-lived (1-10 years), medium-lived (10-40 years), and
long-lived (greater than 50 years) (see Table 3 for refer-
ences). In Table 3, the species from this study have been
segregated into one of these three categories based on life
expectancy observations from other studies. Within each
microhabitat, there is the consistent pattern that plant life
expectancy and carbon isotope ratio are positively corre-
lated., That is to say, longer-lived perennials tend to have
lower ¢; values and therefore to also have higher water-use
efficiencies than shorter-lived perennials. These patterns are
not the result of differences in plant size as there are both
Jarge and small perennials within the long-lived and medi-
um-lived classifications,

Mooney and Gulmon (1982) have pointed out that as
a general rule evergreen leaves tend to have lower photosyn-
thetic rates than deciduous leaves. 1t is therefore perhaps
surprising that our results suggest water-use efficiency and
longevity at the leaf level need not be correlated with each
other,

A positive correlation between plant longevity and its
water-use efficiency suggests a physiological mechanism
that may provide insight into competitive interactions, com-
munity dynamics and plant establishment. If a high water-
use efficiency also means a greater stomatal limitation on
photosynthesis and therefore a lower rate of carbon gain
(assuming for simplicity that leaves had the same photosyn-
thetic dependence on ¢;), it may be that plants with a high
water-use efficiency grow more slowly than plants with a
low water-use efficiency under periods of high soil moisture
availability. If limiting, but relatively high amounts of soil
moisture are equally available to both high and low water-
use efficiency plants, the low water-use efficiency plant
should be the better competitor if both plants have equal
access to the same soil moisture. However, high water-use
efficiency plants should be able to maintain a relatively
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higher productivity rate when soil water becomes very limit-
ing and growth in the low water-use efficiency plants is
substantially reduced.

Extending this reasoning, we might expect that low
water-use efficiency plants would be more likely to get es-
tablished in deserts under unusual higher soil moisture
years, but perhaps expected to have greater mortality under
extended periods of low soil moisture availability. Such a
pattern is consistent with the carbon isotope ratio data.
It is intriguing to speculate that the differences in water-use
efficiency among species contribute directly and in a pre-
dictable manner to their long-term growth and survival
under the unpredictable and fluctuating drought conditions
that characterize desert environments.
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