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Carbon isotope ratios of Atacama Desert
plants reflect hyperaridity of region in northern Chile
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ABSTRACT

Leaf carbon isotope ratios were measured on plants from the coastal portions of the Atacama Desert at Pan de Azicar and
Paposo, Chile. Most species possessed C, photosynthesis, although there were several CAM species, indications of some
facultative CAM species, and only one C; species. The carbon isotope ratios of the C, plants are unusually high, even for
species from arid ecosystems. These observations indicated that C, species of the Atacama Desert were characterized by
very low intercellular CO, concentration that averaged between 159 and 190 ppm, depending on the severity of the drought.
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RESUMEN

Se midieron las tasas de is6topos de carbono en hojas de plantas de la regién costera del Desierto de Atacama, Parque
Nacional Pan de Aziicar y Paposo, Chile. La mayoria de las especies corresponden a plantas C;; se observé numerosas
especies CAM, algunas CAM facultativas y una sola especie C,. Las tasas de isétopos de carbono son infrecuentemente
altas en plantas C,, aun en plantas de ecosistemas dridos. Estas observaciones indican que las especies C; del Desierto de
Atacama se caracterizan por tener concentraciones muy bajas de CO, intercelular, entre 159 y 190 ppm, y que estos
dependen de la severidad de la sequia.

Palabras clave: Desierto de Atacama, tasa de is6topos de carbono, ecologia desértica, concentracién de didxido de
carbono intercelular.

INTRODUCTION proportional to the seasonal amounts of

precipitation (Hadley & Szarek 1981, Le

Water and plant growth are inextricably
linked to each other. Nowhere are these
relationships more evident than in arid
lands, where primary productivity is driven
by pulses of infrequent precipitation events
(Noy-Meir 1973). As a consequence,
primary productivity is often directly

Houeroux 1988, Turner & Randall 1989,
Smith & Nowak 1990). Limited moisture
availability not only constrains rates of
primary productivity to those brief periods
when soil moisture is adequate, but there is
often a greater water-use efficiency by
plants in arid zones (Ehleringer et al.
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1992). That is, the ratio of photosynthesis
(A} to transpiration (E) on an instantaneous
basis or the ratio of biomass produced to
water consumption on a long-term basis is
typically greater in arid zone plants than in
those from more mesic habitats (Stanhill
1986, Turner 1986, Ehleringer et al. 1992).

In recent years, numerous studies have
shown that the carbon isotopic composition
of leaf material in C; species can been used
as a long-term indicator of plant water-use
efficiency (Farquhar et al., 1989).
Discrimination against '3CO, during both
diffusion and CO, fixation processes within
the leaf results in a lower 13C composition
in plant materials than in atmospheric CO,.
The carbon isotope ratio of a leaf (8!3C))
can be described as

G
d13C,_813Cy-a-(b-a) —

Ca

where 8!13C,;, is the carbon isotope ratio of
the air, a is the fractionation associated with
the slower diffusion of '3CO, through the
stomata, b is the isotopic fractionation
associated with RuBP carboxylation, and c;
and c, are the intercellular and atmospheric
CO, concentrations, respectively. The carbon
isotope ratio of a leaf is related to water-use
efficiency (ratio of instantaneous photo-
synthesis (A) to transpiration (E) in that

c.
1. 4
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where v is the leaf-to-air water mole
fraction gradient. While water-use
efficiency analyses must assume that u and
therefore leaf temperature are equivalent
among species being compared, leaf
temperatures are usually not sufficiently
different to affect broad relationships
between carbon isotope ratio and water-use
efficiency (Ehleringer et al. 1992).

Several studies have established that
carbon isotope ratios of arid land species

were heavier (more positive) than from
more mesic environments (Ehleringer &
Cooper 1988, Ehleringer at al. 1992,
Sharifi & Rundel, 1993). These low carbon
isotope ratios are thought to be driven by
strong evaporative gradients and low
precipitation amounts, which result in
increased stomatal closure and low
intercellular CO, values (Rundel et al.
1980). In support of this, Stewart et al. (1995)
have recently shown a strong relationship
between overall carbon isotope ratios at the
community level and annual precipitation
inputs, leading to the expectation that plants
in very arid sites such as the Atacama Desert
should be characterized by low intercellular
CO, values.

We tested this hypothesis by measuring
carbon isotope ratios of leaves of the
dominant species from the Atacama Desert,
the most arid region in the world (Rundel et
al. 1991). We sampled common species
from the more arid portions of this hyper-
arid region, spanning from coastal sites
below the fog zone and extending up
through and above the fog zone that bathes
plants along the coastal range.

METHODS

Plants were sampled on the coastal plains at
Pan de Azidcar, Chile (lat. 26° S, long. 71°
E) and along an elevational transect at
Paposo, Chile (lat. 25° S, long. 71° E). This
area was covered in floristic studies by
Johnson (1929, 1936). Plant taxonomy used
here, however, follows that used in Rundel
et al. (1996). Plant identification followed
Johnson (1929, 1936). At each sampling
site, all of the dominant species present were
sampled. Each sample consisted of a bulk
collection of 10-30 leaves from 5 different
individuals at the site. Sampling took place
in October 1978, December 1987, July,
1989, and December 1990. Leaves were air
dried in the field, stored in envelopes, and
then dried in a convection oven at 70 °C for
48 h upon returning to the laboratory.
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Carbon isotope ratios (8!3C) were
determined separately on dried leaf tissues
that had been ground into a fine powder
with a mortar and pestle. A 2- to 3-mg
subsample of the tissue was combusted in
an elemental analyzer coupled to an isotope
ratio mass spectrometer (delta S, Finnigan
MAT, Bremen, Germany). The long-term,
absolute repeatability of out laboratory
standard (Utah cabbage) was = 0.11%0 (1
SD). Data are presented relative to the
international Pee Dee Belemnite standard.

RESULTS

With limited exceptions, most of the
species exhibited carbon isotope ratios
consistent with C; photosynthesis (Tables 1
& 2). Carbon isotope ratios of these Cj
species across sampling dates ranged from
a high of -19.6%0 (Nolana mollis at Pan de
Aztcar in October 1978) to a low of
-28.7%0 (Argythamnia canescens near
Paposo in December 1987). While most
values ranged between -25%o0 and -21%o,

TABLE 1

Leaf carbon isotope ratios (%o) of common, dominant species in the Atacama Desert of northern
Chile. Samples were collected December 3-4, 1987 during an extremely wet growing season.

Tasas de is6topos de carbono (%) en las especies mds comunes y dominantes en el norte de Chile. Las muestras se
recolectaron entre el 3 y 4 de diciembre de 1987, periodo extraordinariamente himendo.

Paposo, 50 - 130 m

Ephedra breana -24.9
Fagonia chilensis =243
Heliotropium pycnophyllum -253
Nolana aplocaryoides <253
Nolana paradoxa -22.3
Polyachyrus cinereus -255
Tetragonia maritima <223

Paposo, 490 - 650 m

Alstroemeria paupercula -26.9
Argylia radiata -254
Argythamnia canescens -28.7
Balbisia peduncularis -25.7
Cistanthe grandiflora -22.1
Cynanchum boerhaviifolium 252
Dioscorea sp. -25.9
Euphorbia lactiflua -22.7
Frankenia chilensis -24.1
Heliotropium taltalense -27.3
Hoffmanseggia gracilis -27.7
Leucheria modesta -28.9
Lycopersicum chilensis -24.3
Malva parviflora -24.4
Mentzelia chilensis -24.8
Nicotiana solanifolia -24.0
Nolana leptophylla =242
Oxalis gigantea -25.5
Oxalis sp. -27.1
Polyachyrus cinereus -25.4
Proustia ilicifolia -25.9
Schizanthus laetus -22.7
Sicyos baderoa -25.6
Solanum flexuosum -23.8

Sonchus asper -25.1

Stachys pannosa -26.7
Tetragonia macrocarpa -233
Tropaeolium tricolor -25.5

Paposo, 770 - 840 m

Adesmia sp. <229
Alstroemeria graminea =271
Cistanthe sp. -18.0
Chaetanthera limbata -22.6
Chenopodium hastatum -22.4
Cotula coronopifolia -26.4
Cristaria integerrima -24.6
Cruckshanksia pumila -25.1
Cryptantha sp. =242
Lycium deserti -28.1
Nolana aplocaryoides -21.3
Nolana crassulifolia =243
Oxalis paposana -25.7
Plantago litorea -27.2
Reyesia chilensis -24.5
Viola asterias -24.0
Viola polypoda <247

Paposo, 920 - 1010 m

Cistantheamaranthoides -19.7
Dinemandra ericoides -249
Loasa fruticosa -24.2
Malesherbia humilis -22.8
Nolana leptophylla -20.9
Nolana divaricata -21.3
Nolana sedifolia -23.6
Perityle emoryi =232
Tetragonia maritima -21.7
Viola polypoda -23.6
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TABLE 2

Mean carbon isotope ratio values (%o) for leaves of common species
from Pan de Azicar, Chile sampled across several years.

Valores de las tasas de los isétopos de carbono (%0) en hojas de las especies mds comunes recolectadas

en diversos afios, en el Parque Nacional Pan de Azicar, Chile.

October December July December

1978 1987 1989 1990
Astragalus coquimbensis -20.9
Atriplex clivicola -13.7 -14.8 -14.0
Cistanthe amarantoides =222 -16.6
Cistanthe grandiflora -21.4
Copiapoa cinerea columna-alba -12.5
Cristaria integerrima -26.1 -253
Deuterochonia chrysantha -13.8 -13.4
Dinemandra ericoides -22.6 -22.6 229
Eremocharis fruticosa -24.6 -26.2 -24.9 -23.1
Gypothamnium pinifolium -25.4 -25.4 -24.4 -24.7
Heliotropium pycnophyllum -25.3 -26.2 -25.2 -24.0
Heliotropium lineariifolium -26.0 -24.0 -249
Nolana aplocaryoides -21.1
Nolana crassulifolia -21.3 -22.7
Nolana elegans -20.1 -19.6
Nolana mollis -19.8 -23.1 -21.2 -21.4
Nolana paradoxa -21.6
Nolana sp. =222 -21.0
Ophryosporus triangularis -23.7 -24.8 -23.5 -22.7
Polyachyrus cinereus -23.9 -24.5 -24.4 -25.4
Senecio myriophyllus -22.8 -22.6
Tetragonia maritima -20.9 -22.5 -20.3 -20.0

several species had leaves with carbon
isotope ratios of ~-20%¢ (Nolana elegans,
N. leptophylla, N. mollis, N. paradoxa, N.
peruviana, and Tetragonia maritima).
While it is not possible to exclude the
possibility that some of these Nolana may
have had limited CAM activity, nocturnal
field studies of other Nolana species in
north-central Chile indicate that CAM is
not present (Rundel and Palma,
unpublished data). Similarly, field studies
with T. maritima and with other species of
Tetragonia in arid regions of South Africa
suggest an absence of CAM in this genus
(Rundel, unpublished data). No clear
patterns between life form and carbon
isotope ratio were evident in these data and
there were no statistically significant
differences in the carbon isotope ratios of

ephemeral and woody vegetation at any of
the sites.

The C, photosynthetic pathway was
uncommon, with but a single species
exhibiting carbon isotope ratios consistent
with C4 photosynthesis: Atriplex clivicola at
Pan de Aziicar (-13.7%0 to -14.8%o). Several
of the species exhibited carbon isotope
ratios consistent with obligate CAM
activity, including Copiapoa cinerea
columna-alba (-12.5%0) and Deuterochonia
chrysantha (-13.4%0 to -13.8%0¢). Several of
the herbaceous species exhibited carbon
isotope ratios that suggested intermediacy
between C3; and CAM or switching between
C; and CAM between years. These included
Cistanthe amarantoides at Pan de Azicar
and Paposo (-16.6%¢ to -22.2%c) and
Cistanthe grandiflora at Paposo (-18.0%o).
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Only one species, N. cf. villosa, occurred
at all points along the coastal transect.
Carbon isotope ratios of N. ¢f. villosa leaves
were more negative in the fog zone
(intermediate altitude), consistent with the
notion that this habitat was more humid and
possibly less water-stressed (Fig. 1).
Coincident with this, carbon isotope ratios
of other Nolana species were also more
positive above and below the fog zone.

At the community level, average leaf
carbon was also most negative within the
fog zone, with the site above the fog zone
averaging a value greater than 2%c more
positive than communities within the fog
zone (Fig. 2). Long-term precipitation data
were not available for sites along this
elevational transect, but it is not
unreasonable to expect that the fog zone
represented a much wetter habitat within
this hyperarid region. Sites above the fog
zone were likely the most arid of all,
because they have greater solar radiation
levels and lower humidities than the coastal

plains below the fog belt (Rundel et al -

1991). If this is the case, then community-
level variation in leaf carbon isotope ratios

Nolana near Paposo, Chile
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Fig. 1: Changes in the leaf carbon isotope
ratios of Nolana species along an elevational
transect at Paposo, Chile. Plants were sampled
in December 1987.

Cambios en las tasas de los is6topos de carbono en hojas

de nolanas en un transecto altitudinal en Paposo, Chile.
Las muestras se colectaron en diciembre de 1987.
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Fig. 2: Changes in the leaf carbon isotope
ratios of vegetation along an elevational
transect at Paposo, Chile. Plants were sampled
in December 1987. Vertical bars indicate £ 1
standard deviation.

Cambios en las tasas de isétopos de carbono en hojas de la
vegetacidn, en un transecto altitudinal en Paposo, Chile.

follows a pattern consistent with aridity.
Plants from the driest site (above the fog
zone) had the most positive carbon isotope
ratios, with the mean carbon isotope ratio
value for plants above the fog zone
translating into a ¢;/c, value of 0.45 and the
mean value for plants within the fog zone
averaged 0.57. These are unusually low
ci/c, values when compared to a mean global
¢;/c, value of 0.70 (Farquhar et al. 1989).

Leaf carbon isotope ratios of newly
produced leaves decreased annually
following above average precipitation at
Pan de Azicarin 1987 (Table 2). There was
a nearly constant decrease in leaf carbon
isotope ratio averaging 0.53%¢ per year
(Fig. 3). Excluding Polyachyrus cinereus,
which apparently decreased in its carbon
isotope ratio value by 1.5%o, the average
Pan de Azicar species increased its carbon
isotope ratio by 2.04%. in the three-year
drought following the 1987 rains. From
Eqn 1, this change in carbon isotope ratio
translates in an average decrease in leaf
intercellular CO, concentrations from 190
ppm to 159 ppm.
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Pan de Azucar, Chile
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Fig. 3: A time course of leaf carbon isotope
ratios in common woody species at Pan de
Azuicar, Chile.

Tasas de isétopos de carbono a traves del tiempo (1987 a
1991) en hojas de las especies lefiosas mds comunes en el
Parque Nacional Pan de Azicar, Chile.

The data in Figure 3 suggest relative
rankings of carbon isotope ratio among
plants at Pan de Azicar remained constant
through time. This was indeed the case and
when carbon isotope ratios in a wet year
(1987) were compared to those observed
for the same species in dry years (1978 or
1989), there was a highly significant
correlation (Fig. 4). These data indicate
that different species do have different leaf
carbon isotope ratios and that these
differences were maintained over time.

DISCUSSION

O’Leary (1988) and Farquhar et al. (1989)
examined variation in the carbon isotope
ratios of a large number of C; species and
concluded that the average leaf carbon
isotope ratio was close to -28%o. Plants from
desert ecosystems are known to have more
positive values than the global average
(Ziegler et al. 1981, Ehleringer 1989,
Ehleringer et al. 1993, Sharifi & Rundel

Pan de Azucar, Chile

'18 T T T T T T
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- @ 1989 b
12=0.812

Leaf carbon isotope ratio of a
shrub species in a dry year (1978, 1989), %o

Leaf carbon isotope ratio of a
shrub species in a wet year (1987), %o

Fig. 4: The relationships between leaf carbon
isotope ratios of leaves from common woody
species at Pan de Azidcar, Chile between wet
(1987) and dry years (1978, 1989)

Relaciones entre las tasas de los is6topos de carbono en un
afio himedo (1987) y afios secos (1978, 1979) en las
plantas lefiosas mds comunes del Parque Nacional Pan de
Azicar, Chile.

1993; Evans & Ehleringer 1994). However,
the very positive carbon isotope ratios of
plants from the coastal portions of the
Atacama Desert are more positive on
average than have been described from other
desert ecosystems. Physiologically, one
consequence is that leaves of plants within
the hyperarid Atacama Desert have ci/c,
values averaging as low as 0.45. The impact
of such low c;/c, values on photosynthetic
gas exchange is that photosynthetic rate will
likely be substantially depressed because of
stomatal limitations, since leaf N contents of
Atacama Desert species are similar to leaves
of desert shrubs from other ecosystems
(Rundel et al. 1980). Although gas exchange
rates are unknown for Atacama Desert
shrubs, it is likely that maximum gas
exchange rates will be low given the very
positive carbon isotope ratios and
moderately low leaf N contents.

The lack of any difference in the carbon
isotope ratios of annual-ephemeral and
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perennial species contrast with patterns
observed in other ecosystems, where
carbon isotope ratios of shorter-lived
organisms are usually more negative than
observed in longer-lived perennials
(Ehleringer & Cooper 1988, Smedley et al.
1991). In this study, there were no
significant differences among annuals,
shorter-lived herbaceous species, and
longer-lived perennials. All have very
positive carbon isotope ratios, suggesting
very low operational leaf intercellular CO,
concentrations. Perhaps in this hyperarid
region, tolerating water stress is such a
dominant factor in a plant’s life cycle that
few opportunities exist with abundant soil
moisture to allow expression of high leaf
intercellular CO, concentrations.

There is often the mis-perception that
deserts are dominated by C, species.
Clearly on a species richness basis this is
not the situation in the Atacama Desert,
where only a single C, species was
observed in our samples. Based on the full
flora of Pan de Aziicar (Rundel et al. 1996),
C,4 metabolism is restricted to the genus
Atriplex and several grasses including the
common Distichlis spicata (saline habitats)
and Eragrostis attenuata (fog zone). The
absence of any summer precipitation and
low summertime temperatures are likely to
be the key factors not favoring C, plants in
this environment. Even CAM did not play a
major role within these communities on a
species richness basis, although a number
of herbaceous species had carbon isotope
ratios indicative of facultative CAM.
Arroyo et al. (1990) had earlier noted that
both Cistanthe (reported as Calandrinia
and Philippiamra) had isotope ratios
suggesting that this was the case. Mooney
et al. (1974) had compared increases in the
abundance of CAM along gradients of
decreasing precipitation in coastal portions
of coastal California - Baja California and
northern Chile. However, our study site
extends into a drier region than
characterized by the Mooney et al. (1974)
study, where C; photosynthesis re-emerges

as the dominant photosynthetic pathway
under these extremely arid conditions.

The Atacama Desert represents the
extreme end of an aridity gradient which is
currently the driest terrestrial region on this
planet. Long-term climatic trends in the
southern part of the Atacama Desert during
this century indicate a continued decrease
in mean annual precipitation (Burgos et al.
1991, Santibanez & Uribe 1994). The basic
plant photosynthetic response to such
conditions appears to be C; photosynthesis
and with leaves that exhibit unusually low
intercellular CO, concentrations. Whether
such a response represents an adaptation to
these unusual conditions or reflects the
severe constraints imposed by a hyperarid
environment is unknown at this time.
Future ecophysiological studies of Atacama
Desert plants should focus on the factors
resulting in such low leaf intercellular CO,
concentrations.

ACKNOWLEDGMENTS

This study was supported by grants from the
National Geographic Society to HAM and a
grant from the U.S. Department of Energy to
JRE. We thank C.F. Kitty for assistance
with the stable isotope ratio analyses.

LITERATURE CITED

ARROYO MK, E MEDINA & H ZIEGLER (1990)
Distribution and 8'3C values of Portulaceae species
of the high Andes in northern Chile. Botanica Acta
103:291-295.

BURGOS JJ, H PONCE & LCB MOLION (1991) Climate
change predictions for South America. Climatic
Change 18:223-239.

EHLERINGER JR (1989) Carbon isotope ratios and
physiological processes in aridland plants, p. 41-54.
In P. W. Rundel, J. R. Ehleringer, and K.A. Nagy
(eds.), Stable Isotopes in Ecological Research.
Ecological Studies Series. Springer-Verlag, New
York.

EHLERINGER JR & TA COOPER (1988) Correlations
between carbon isotope ratio and microhabitat in
desert plants. Oecologia 76:562-566.

EHLERINGER JR, SL PHILLIPS, & JP COMSTOCK
(1992) Seasonal variation in the carbon isotopic
composition of desert plants. Functional Ecology
6:396-404.



86 EHLERINGER ET AL.

EHLERINGER JR, AE HALL, & GD FARQUHAR, eds
(1993) Stable Isotopes and Plant Carbon-Water
Relations. Academic Press, San Diego, 555 pp.

EVANS RD & JR EHLERINGER (1994) Plant 8'5N values
along a fog gradient in the Atacama Desert, Chile.
Journal of Arid Environments 28:189-193.

FARQUHAR GD, JR EHLERINGER & KT HUBICK
(1989) Carbon isotope discrimination and
photosynthesis. Annual Review of Plant Physiology
and Molecular Biology 40:503-537.

HADLEY NF & SR SZAREK (1981) Productivity of
desert ecosystems. BioScience 31:747-753.

JOHNSON IM (1929) Papers on the flora of northern Chi-
le. Contributions of the Gray Herbarium 4:1-172.

JOHNSON IM (1936) A study of the Nolanaceae.
Contributions of the Gray Herbarium 112:1-83.

LE HOUEROUX HN (1988) Rain-use efficiency: a
unifying concept in arid land ecology. Journal of
Arid Environments 7:1-35.

MOONEY HA, JH TROUGHTON & JA BERRY (1974)
Arid climates and photosynthetic systems. Carnegie
Institution of Washington Yearbook 73:793-805.

NOY-MEIR I (1973) Desert ecosystems: environment and
producers. Annual Review of Ecology and
Systematics 4:25-51.

O’LEARY MH (1988) Carbon isotopes in photosynthesis.
BioScience 38:328-336.

RUNDEL PW, JR EHLERINGER, SL GULMON & HA
MOONEY (1980) Patterns of drought response in
leaf succulent shrubs of the coastal Atacama desert
in northern Chile. Oecologia 46:196-200.

RUNDEL PW, MO DILLON, B PALMA, HA MOONEY,
SL GULMON, & JR EHLERINGER (1991) The
phytogeography and ecology of the coastal Atacama
and Peruvian Deserts. Aliso 13:1-49.

RUNDEL PW, MO DILLON & B PALMA (1996) Flora
and vegetation of Pan de Azicar National Park in

the Atacama Desert of northern Chile. Gayana
(Bot.) (Chile) (53: 295-315).

SANTIBANEZ F & J URIBE (1994) El clima y la
desertification en Chile. In: Taller nacional del Plan
Nacional de Accion para Combatir le Desertification,
pp. 17-24. Santiago, Universidad de Chile.

SHARIFI MR & PW RUNDEL (1993) The effect of
vapour pressure deficit on carbon isotope
discrimination in the desert shrub Larrea tridentata
(Cresosote Bush). Journal of Experimental Botany
44:481-487.

SMEDLEY MP, TE DAWSON, JP COMSTOCK, LA
DONOVAN, DE SHERRILL, CS COOK & JR
EHLERINGER (1991) Seasonal carbon isotopic
discrimination in a grassland community. Oecologia
85:314-320.

SMITH, SD & RS NOWAK (1990) Ecophysiology of
plants in the intermountain lowlands. In: Osmond
CB, LF Pitelka & GM Hidy (eds) Plant Biology of
the Basin and Range: 179-241. Springer Verlag,
Heidelberg.

STANHILL G (1986) Water use efficiency. Advances in
Agronomy 39:53-85.

STEWART GR, MH TURNBULL, S SCHMIDT & PD
ERSKINE (1995) '3C Natural abundance in plant
communities along a rainfall gradient: a biological
integrator of water availability. Australian Journal
of Plant Physiology 22:51-55.

TURNER NC (1986) Crop water deficits: a decade of
progress. Advances in Agronomy 39:1-51.

TURNER FB & DC RANDALL (1989) Net production by
shrubs and winter annuals in southern Nevada.
Journal of Arid Environments 17:23-36.

ZIEGLER H, KH BATANOUNY, N SANKHLA, OP
VYAS, & W STICHLER (1981) The photosynthetic
pathway types of some desert plants from India,
Saudi Arabia, Egypt, and Iraq. Oecologia 48:93-99.



	Ehleringer et al (1998)156.pdf
	Ehleringer et al (1998)160.pdf
	Ehleringer et al (1998)162.pdf
	Ehleringer et al (1998)163.pdf
	Ehleringer et al (1998)164.pdf
	Ehleringer et al (1998)165.pdf
	Ehleringer et al (1998)166.pdf
	Ehleringer et al (1998)168.pdf



