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Differential uptake of summer precipitation among co-
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ABSTRACT

Measurements of the ratio of deuterium to hydrogen
{D/H) in stem xylem water were used to determine the
relative uptake of summer precipitation by four co-
occurring plant species in southern Utah. The species
compared included two trees, Juniperus osteosperma
and Pinus edulis, and two shrubs, Artemisia trideniata
and Chrysothamnus nauseousus, There were signifi-
cant differences among species in the relative use of
summer precipitation. Chrysothamnus nauseosus had
stem water D/H ratios in May through August 1990 that
were not significantly different from that of
groundwater. In contrast, the other three species had
stem water D/H ratios that were intermediate between
the groundwater value and summer precipitation
values, indicating that a mixture of both precipitation
and groundwater was being used by these species.
The two tree species generally had higher D/H values
than did A. tridentata indicating a higher average
uptake of summer precipitation, although the roots of
J. osteosperma and P. edulis may not be as responsive
to small precipitation events as A. tridentata. There
was a strong negative correlation between stem water
D/H ratios and predawn water potential, which sug-
gests a relationship between plant rooting pattern and
water source use. In addition, water-use efficiency
during photosynthetic gas exchange, calculated from
leaf carbon isotope composition, differed among
species and was strongly correlated with differences
in the relative uptake of summer precipitation.

Key-words: stable isotopes; D/H ratios; "“C/'?C ratios;
water-use efficiency; water potential; aridlands; pinyon-
juniper woodland.

INTRODUCTION

Soil moisture available to plants in the semi-arid regions
of the southwestern United States predominantly comes
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from melting snow. accumulated during the winter
months, and winter-spring rains (Caldwell 1985: Dobro-
wolski, Caldwell & Richards 1990). Summer precipi-
tation is low and highly unpredictable in semi-arid
regions (Ehleringer & Mooney 1983), and in general, is
only effective in wetting the surface layers of the soil,
excepl in years of very high rainfall (Caldwell 1985).

The significance of summer precipitation for peren-
nial plant growth in aridlands is unclear. Rain mostly
oceurs i amounts of 10mm or less, and these small
amounts are often considered to be unimportant for
perennial plants (Noy-Meir 1973; Sala & Lauenroth
1982). However, Sala & Lauenroth (1982) showed that a
simulated Smm rain caused a signilicant change in leaf
water potential and stomatal conductance in Botweloua
graciliy that lasted for up to 2d. In general, the
importance of summer rain to plant growth would
depend on the amount of summer precipitation, the
relative ease that precipitation can penetrate or runoff
the soil surface. and the distribution pattern of func-
tional plant roots in the soil (Noy-Meir 1973; Dobro-
wolski er al. 1990). At present. there is little direct
information about the use of summer precipitation by
perennial plants in semi-arid ecosystems.

It is possible to determine the uptake of summer
precipitation by measuring the stable isotopic composi-
tion of plant stem water (White et al. 1985: White 1988;
Flanagan & Ehleringer 1991). Since no isotopic frac-
tionation occurs during water uptake by plant roots
(Dawson & Ehleringer 1991), the isotopic composition
of water in roots and stems reflects that of the water
taken up by roots. In temperate, continental locations
the isotopic composition of summer precipitation differs
from that of water in the saturated soil zone
(groundwater; Dansgaard 1964; Gat 1980). Therefore,
it is possible to trace the relative uptake of summer
precipitation by measuring the stable isotopic composi-
tion of plant stem water (White et al. 1985: White 1988;
FFlanagan & Ehleringer 1991).

Here we report measurements of the stable hydrogen
isotope ratio of plant stem water that indicate seasonal
differences in the uptake of precipitation among major
tree and shrub species in a pinyon-juniper woodland in
southern Utah, We have also found that the efficiency of
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water-use during photosynthetic gas exchange (esti-
mated from measurements of leaf carbon isotopic
composition; Farquhar, Ehleringer & Hubick 1989)
varied among species and was strongly correlated with
differences in the uptake of summer precipitation,

MATERIALS AND METHODS

Two tree (Juniperus osteosperma, Pinus edulis ) and two
shrub (Artemisia tridentata, Chrysothamnus nauseosus )
species were examined from a site adjacent to Coral
Pink Sand Dunes State Park, Utah (latitude 37°03',
longitude 112°45', elevation 1855m). The vegetation at
the site occurs on sand deposits overlaying a perched
groundwater table. The four study species represent the
major tree and shrub species of this vegetation-type in
southern Utah (West 1988). Average precipitation
(1941-1988) at the nearest U.S. National Weather
Service Station located at Kanab, Utah, approximately
20Km from the study site, is 319mm annually. The
majority of this precipitation (67%) occurs in the
months October through April. The amount of rain
normally received during the main growth period (May
through September) is approximately 84 mm.

Initial stem water samples, primarily from J. osteo-
sperma, were collected during the summer of 1989.
Based on the initial results, we planned a more detailed
study comparing water use in different species which was
conducted in 1990. In April 1990, four locations were
chosen where all four study species were growing in
close proximity (<5m apart). At each location one
individual from each species was tagged and stem
samples were collected from each plant at intervals
during the period from April to September 1990, Plant
water potential was measured during the May, July and
August 1990 collection trips (see Table 2 below for the
exact sampling dates) with a pressure chamber (PMS
Instrument Co., Corvallis, OR, USA). One small
branch sample was cut at approximately the mid-canopy
level for each of the four tagged individuals of all
species. Water potential was measured before dawn and
in the mid-afternoon (approximately 1300-1500h local
time).

Stem samples (approximately 7x60mm) were cut
from the plants in the field and immediately placed in a
glass tube which was sealed with a rubber stopper and
wrapped with Parafilm. One sample per tagged plant
was collected at mid-day on each sampling date (see
Table 1 below for the exact sampling dates). The plant
samples were [rozen until water was extracted from the
tissue using a cryogenic vacuum distillation apparatus
(see Dalton 1989 for a schematic diagram ol an appara-
tus similar to the one used in our studies; Ehleringer &
Osmond 1989),

Summer precipitation was collected in a standard rain
gauge or in 100-em? beakers (or other similarly sized
vessels). Samples of snow accumulated on the study plot
were collected in carly February in both 1989 and 1990,

Groundwater samples were obtained from a spring at
the study site. Environmental water samples were stored
in glass vials with a tightly sealing cap and frozen until
they were analysed for hydrogen isotopic composition.

Water samples were prepared for measurements of
the hydrogen isotopic composition by reacting approxi-
mately Smm”® of water with zinc (Coleman et al, 1982) in
an evacuated tube at 500°C, The zinc was obtained from
the laboratory of J.M. Hayes, Departments of
Chemistry and Geology, Indiana University. The result-
ing hydrogen gas was analysed for isotopic composition
on either a Finnigan-Mat delta E or delta S gas isotope
ratio mass spectrometer. Precision of the measurements
of a laboratory standard was + 1:4%. (see below for unit
definition) for the delta E and +1:0%, for the delta S
mass spectrometers (£5D).

Leafl samples were collected from all four study
species lor carbon isotopic analysis. Leaves were col-
lected in late August 1990 so that the tissue carbon
isotopic compositions would provide information about
leaf gas exchange propertiesintegrated over the growing
season (Farquhar, Ehleringer & Hubick 1989). For the
tree species, current season’s needle samples were cut
from two canopy heights (approximately one-third and
two-thirds of total tree height) at cach of the four
cardinal compass directions, and combined for each
individually tagged tree, dried and finely ground. Cur-
rent season’s leaf tissue was removed from several
positions over the whole canopy for the two smaller
shrub species, combined for a tagged individual, dried
and finely ground. The carbon isotopic composition of
purified CO,, generated from leafl tissue in an in-vial
combustion procedure using cupric oxide wire and silver
foil as catalysts (Hachey er al. 1987; Ehleringer &
Osmond 1989), was measured on  the mass
spectrometers described above.,

Isotopic compositions are expressed using delta
notation in parts per thousand (%), B=[Rgumpi/
Riandard— 1% 10P%0, where R is the molar ratio of heavy
to light isotope (D/H or *C/'°C), the standard for water
samples is standard mean ocean water (SMOW) and the
standard for carbon samples is Pee Dee Belemnite
(PDB) limestone (Ehleringer & Osmond 1989).

RESULTS

The hydrogen isotope composition of groundwater,
obtained from a spring located at the study site, was
constant throughout the year, with an average 8D value
of =96+ 1% (£SD, n=15,samples collected at intervals
from September 1988 through October 1990). In con-
trast, the 8D values for spring and summer precipitation
were higher than the groundwater value and the 8D
values of winter precipitation were lower than
groundwater (Fig. 1), which is typical for continental,
temperate locations (Dansgaard 1964; Gat 1980). Since
the isotopic composition of the two potential sources for
plant water were different during spring and summer,
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Figure 1. The hydrogen isotape composition (6D, %a) of
groundwater and precipitation at Coral Pink Sand Dunes State
Park, Utah, during 1990,

the isotopic composition of plant stem water can be used
to determine the relative uptake of summer precipi-
tation,

The stem water samples were collected during the
spring and summer months in 1989 and 1990 The
majority of the stem water data were collected during
1990, a year which had precipitation amounts similar to
the long-term average [or the study area, The amount ot
rain during April-September 1990 was 99% of the
long-term average for the area (L1.5. National Weather
Service Records). In contrast, 1989 was a very dry year,
Precipitation during April-September 1989 was only
54% ot the long-term average, with only trace amounts
of rain in April and June (U.S. National Weather
Service Records).

Our stem water D/H sampling during 1989 illustrated
three patterns. Firstly, stem water in A. tridentata wis
enriched above that of groundwater, after a trace of
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precipitation in early June, while the two tree species
had stem water 8D values similar to that of groundwater
(Table ). Comparison of stem water D/H ratios among
the four study species in July indicated that, C. nauseo-
sus and J. osteosperma showed no direct uptake of
precipitation, while rain water was taken up by A,
tridentate and P. edulis (Table 1). Finally, while J,
ostesperma had stem water 5D values similar Lo that of
groundwater early in the summer of 1989, stem water
D/H ratios during August were enriched above that of
groundwater indicating that some precipitation was
directly taken up by J, oesteosperma later in the summer
(Table 1).

Different patterns tor the relative use of precipitation
among the species were observed during 1990, In early
April 1990, there were no significant differences in stem
waler 8D values among the species compared (‘Table 1).
Stem water of all species had isotopic compositions
enriched above groundwater, but similar to that of rain
that fell the day previous to stem collection. indicating
that on the April 1990 sampling date all species were
using recent precipitation as their sole water source.
However. onsubsequent sampling dates during the 1990
growing season, there were significant differences
among species for stem water 8D values. Chrysotham-
nuy nauseousus had stem water 8D values in May
through August that were not significantly different
from that of groundwater. In contrast, the other three
species had stem water 8D values that were intermediate
between the groundwater value and summer precipi-
tation values, indicating that a mixture of both precipi-
tation and groundwater was being used by these species.
The two tree species generally had less negative 8D
vilues than did A. ridentata, indicating « higher average
uptake of summer precipitation by the tree species
(Table 1),

Significant differences among species were observed
for both predrawn and midday water potential (Table
2). Chrysothamnus nauseosus had the highest predawn
and midday water potentials, while the other three

Stem water

Table 1. Comparison of the hydrogen
isotopic composition (8D, %) of

groundwater (GW), precipitation (PT7T')

Pinus Juniperus Artermisia Chirysothamnus and stem water in the two major tree and
Date GW  PPT  edulis osteosperimi tridentata RS COSHS shrub species at Coral Pink State Park,
]_f)‘s"»] Utah, during 1989 and 1990, The date
¥ . . isted indicates N Stem i les were
a4 67 SBE2 -Ma3 TS - colectod Preciitaion samples were
L1 June - -9742  —97+3 —83+7 ’ pHe o
21 Jul G - —G745 B N collected the day before stem sample
Y ! - . . collecuion. Stem water values are the
23 July - =10 =T6t4 —97 =7 —06° 2l
- meantstandard deviation. In 1989,
28 August —95 - — —5Bt3 I 2 Ry :
sample size varies from two to six,
1990 except”, where n=1. In 1990, n =4,
9 April -97 =87 863" 72" ~ #7430 —B6A3 Values within a horizontal row followed
24 May -9h - —7544%  —B2E3 —80:£ 1" —04-450 by different letters are significantly
17 July -06  —67 ~75£20  —F7pand —§l£ " —95+5* different (P<20-05) based on T-method
23 August =96 - =722V —GHHERY =T e E multiple comparison tests after an analysis

of vartance (Sokal & Rohlf [1981)
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Table 2, Comparison of the predawn and
midday xylem water potential (MPa) in
the two major tree and shrub species at

Chrysothamnus
RAUSEONUS

Pinus Juniperus Artemisia
Drate eduliy osteosperni tridentatu
Predawn
25 May —(BOL0:27* —0: T4 L0190 =068 L0090
18 July ~(h7540-04" —(-B5+0:08" —~0-55-£0-09"
23 August — (L7400 (830107 -(0-74£0-007
Midday
25 May —2:21£0-20¢ —2-09:40-26" — 21040 18"
18 July —1-71£0:23" ~2: 34017 ~ 2444 024"

23 August —2-16%0-11" —=2:51x0-17" 2-44940134

the Coral Pink Sand Dunes site in
southern Utah during 1990, Water
potential values are the mean®standard
deviation, n =4, Values within a
horizontal row followed by different
letters are significantly different (P<0:05)
based on T-method multiple comparisons
tests alter an analysis of variance (Sokal &
Rohll 1981)

—0-40+0.07"
— 040+ 0-04¢
—15hF0-00"

[-38+0.09"
— 161030
— 1794013

species were, in general, very similar, There was a strong
negative correlation between stem water 6D values and
predawn water potential in July (Pearson correlation
cocfficient, r=—0:828, n=16, P<0:01, Fig. 2). Similar
negative correlations between stem water 80 and pre-
dawn water potential were also observed in May and
August (May, r=—0:5397, n=16, P<0-0l: August,
r=—0:795, n=16, P<0:01).

Leaf carbon isotope composition differed significantly
among all species, with least negative leal "C values
for P. edulis and those tor C. nauseosus most negative
(Fig. 2). Assuming that the leaf-air vapour pressure
difference was equivalent for all species (3:0kPa), there
was a larger than two-fold difference in water-use
efficicncy among the species compared (Caleulated
water-use efficiency, CO, H,O~ ', mmol mol ' P,
edulis, 4-320-3; 1. osteosperma, 3-9+£0-3; A. (ridentata,
2:710:10 €. nauseosus, 2-0+0-1. Values are the
meantstandard deviation, n=4). Water-use efficiency
was calculated from the leaf carbon isotopic composition
(Fig. 2) using a 8"*C value of —7:9%, for the source air
following Farquhar er af. (1989). All means are signifi-
cantly different (£<0:05) based on T-method multiple
comparison tests after an analysis of variance (Sokal &
Rohlf 1981). Differences in leaf carbon isotopic com-
position were associated with differences in the water
uptake patterns among the species (Fig, 2). Calculated
water-use efficiency was strongly correlated with the
stem 6D values [or all species (May, r=0-900, n=10,
P<0-01: July, r=0:861, n=16, P<0:01: August,
r=0-795, n=106, P<0-01).

DISCUSSION

Our results indicated significant differences among
species in the uptake of summer precipitation (Table 1).
In addition. the stem water 8D values were negatively
correlated with predawn water potential (Fig. 2). We
interpret these results to indicate that there were
significant differences in rooting pattern among the
species compared.

It was expected that species with different rooting
patterns would have different predawn water potentials,
Predawn water potential is a good indicator of the
average soil water potential experienced by a plant

(Ritchie & Hinckley 1975). The soil water potential is
low in the shallow soil layers and increases with depth in
sandy soils (Richards & Caldwell 1987: Dobrowolski et
al. 1990). Plants with a high proportion of active roots in
the upper, dry soil horizons should have a lower
predawn water potential than plants with roots predom-
inantly in the deeper, moist soil horizons, Such a soil
waler potential gradient would of course be reversed for
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Figure 2. The relationship between plant water potential and
stem water hydrogen isotope composition (80, %e) and leaf
carbon isotope composition (3°C, %) Stem water samples and
water potential measurements were collected in July 1990, Leat
tissue samples were collected in August 1990, Values are means,
n=4_The error bars represent Y5% comparison intervals
calculated by the Temethod after an analysis of variance (Sokal
& Rohll 1981), Means whose intervals do not overlap are
significantly different (£ <0-05)



a short period of time after a substantial rainfall that
wetted the shallow soil layers. In general, however, a
lower soil water potential is expected in the shallow soil
layers for two reasons (Dobrowolski et al. 1990), Firstly,
the sandy soils allow rapid infiltration of water through
the large soil pores, Secondly, the highest rooting
density occurs in the uppermost soil layers so that water
is preferentially absorbed from the shallow layers first
(Dobrowolski et al. 1990).

The differences observed between C. nauseosus and
A. tridentata for predawn water potential and stem 8D
values (Tables 1 & 2) are consistent with differences in
root distribution pattern. Excavation studies indicate
that A. tridentata has approximately the same maximum
rooting depth as C. nauseosus. but a higher proportion
of lateral roots particularly in the shallow soil horizons
(Sturges 1977, Manning & Groeneveld 1989; Reynolds
& Fraley 1989). Therefore, one would expect a higher
uptake of precipitation in A, tridentate than in C.
HAUSCOSUS .

F'he two tree species had lower average predawn
waler potentials than A. tridentata, suggesting that they
may have a higher proportion of active roots in the
shallow soil zones. The stem water 8D values. on
average, were higher in the tree species than in A,
tridentata, which is consistent with this suggestion (‘Table
1). The absolute differences between the 8D values for
A. tridentata and the tree species in 1990 were small,
however, so conclusions about differences in rooting
pattern and precipitation uptake are preliminary and
require confirmation from excavation studies and
turther D/H ratio sampling.

The high use of summer precipitation by J,
osteosperma in 1990, indicated by the stem water 5D
values, contrasts with the low precipitation uplake
measured in 1989 (Table 1), although summer raintall in
1989 was only 54% of the long-term average at our study
site in 1989 (LS. National Weather Service Records).
The particularly low rainfall in the spring and early
summer of 1989 may have damaged existing roots and
prevented new root growth in the shallow soil horizons,
thus restricting uptake of small amounts of precipitation
during 1989, Precipitation uptake returned in August
1989 after substantial rainfall occurred (Table 1), this
was presumably associated with new root growth,

There were significant differences in leaf carbon
isotopic compositon among all four of the species
compared in this study (Fig. 2). Similar leat §'*C values
have been reported for the same or closely related
species at different aridland sites in the southwestern
United States (Del.ucia, Schlesinger & Billings 1988,
DelLucia & Schlesinger 1990; Lajtha & Barnes 1991),
Since the carbon isotopic measurements were made on
the current season’s leaf tissue collected n late August,
they should be representative of carbon fixed through-
out the main growth season. In addition, all the species
compared had small leaves so that leal temperature
should be similar to air temperature and the leal-air
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vapour pressure difference should be equivalent for the
different species. Therefore, we suggest that leaf carbon
isotopic compositions indicate significant differences
among the four species for water-use efficiency inte-
grated over the growing season (Farquhar et al. 1989).

It is interesting to note that the greater the utilization
of summer precipitation. a relatively unstable water
source in these environments (Ehleringer & Mooney
1983), the higher the water-use efficiency (the more
conservative the water-use of a species; Table 1, (Fig.
2)). Chrysothamnus nauseosus, utilizing a stable
groundwater source in late spring and summer, had the
lowest water-use efficiency. The different pattern of root
distribution and use of water sources observed between
C. nauseosus and A. (ridentata may in part explain the
variation in leaf carbon isotope compositions and caleu-
lated water use efficiency for these species. However,
there may also be significant differences in hydraulic
architecture between the two shrub species that would
influence water transport, stomatal conductance and
water use clficiency (Tyree & Sperry 1989; Jones &
Sutherland 1991). The differences in leaf gas exchange
characteristics between the conifer and shrub species,
implicd by the 8'*C values, are likely to be due to
significant differences in xylem anatomy and hydraulic
architecture (Tyree & Sperry 1989; Jones & Sutherland
1991),

In conclusion, the results indicate substantial uptake
of summer precipitation by three of the perennial
species studied, in a year with typical summer precipi-
tation amounts, The ability of C. nauseosus (o operate at
low water-use efficiencies without making use of
summer precipilation is likely to be related to the
perched groundwater table at the study site, The high
carbon gain, associated with a low water-use efficiency,
may be required for C. nauseosus 1o effectively compete
with A. tridentata and other species, despite a rooting
pattern less well developed in the shallow, more nutrient
rich soil layers (Manning & Groeneveld 1989: Dobro-
wolski et al. 1990). The low water use cfficicney of C.
nauseosus may be a compromise associated with a high
nutrient use efficiency (DeLucia & Schlesinger 1990).
'he high use of summer precipitation by P. edulis is
consistent with its distribution being restricted to rela-
tively high elevations in semi-aridlands where summer
precipitation is significant (West 1988). Artemisia triden-
tata is the most drought tolerant of the species compared
here (West 1988: Del.ucia & Schlesinger 1990). The
greater drought tolerance of A. tridentata may in part be
related toits ability to take up small amounts of summer
precipitation, thus maximizing the use of a major
limiting resource,
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