INFORMATION TO USERS
This manuscript has t>een repfoduced fRxn the microfilm master. UMI fUms
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may t>e

any type of

computer printer.
The quality of this reproduction is dependent upon the quality of the
copy submitted. BnAen or indistirKt print, colorBd or poor quality illustrations
and photographs, print bteedthrough, sut>standard margins, arxj improper
alignment can adversely affect reproduction.
In the unlikely event that the auttK>r did not serKl UMI a complete manuscript
and there are missing pages, ttiese will be noted.

Also, if unauthorized

copyright material had to be removed, a note will indicate the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from left to right in equal sections with small overlaps.
Photographs included in tfw original manuscript have been reproduced
xerographically in this copy.

Higher quality 6* x 9" black arxj white

photographic prints are availat>le for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directly to order.

Bell & Howell InfbrmatkHi and Learning
300 North Zeeb Road, Ann Arbor. Ml 48106-1346 USA
800-521-0600

NOTE TO USERS

Page(s) not included in the original manuscript
are unavailable from the author or university. The
manuscript was microfilmed as received.
138
This reproduction is the best copy available.

UMI

6"C AND STOMATAL DENSITY VARL\B1LITY
IN MODERN AND FOSSIL LEAVES OF KEY PLANTS
IN THE WESTERN UNITED STATES

by
Peter Kent Van de Water

Copyright O Peter Kent Van de Water 1999
A Dissertation Submitted to the Faculty of the
DEPARTMENT OF GEOSCIENCES
In Partial Fulfillment of the Requirements
For the Degree of
DOCTOR OF PHILOSOPHY
In the Graduate College
THE UNIVERSITY OF ARIZONA

1999

UMI Number 9957980

Copyright 1999 by
Van de Water, Peter Kent
All rights reserved.

UMI^
UMI Microform9957980
Copyright 2000 by Bell & Howell Information and Learning Company.
All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

Bell & Howell Information and Leaming Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346

2
THE UNIVERSITY OF ARIZONA «
GRADUATE COLLEGE

As members of the Final Examination Committee, we certify that we have
read the dissertation prepared by
entitled

6 13c

AND STOKATAI-

PETER KENT VAN DE WATER

DFWSTTY

vartartt ttv

tw

MnnFWW

Awn

Fn<;<;TT

LEAVES OF KEY PLANTS IN THE WESTERN UNITED STATES

and recommend that it be accepted as fulfilling the dissertation
requirement; for the Degree

of

Doctor of Philosophy

Date
Date

t<iAA^/99
Date

Date

llll'r/'i'f •
Date

Final approval and acceptance of this dissertation is contingent upon
the candidate's submission of the final copy of the dissertation to the
Graduate College.
I hereby certify that I have read this dissertation prepared under my
direction and recommend that it be accepted as fulfilling the dissertation
requirement.//
^

Dissertation Director

Steven W. Leavitt

Date

3

STATEMENT BY AUTHOR
This dissertation has been submitted in partial fulfillment of requirements for an
advanced degree at the University of Arizona and is deposited in the University Library to
be made available to borrowers under rules of the Library.
Brief quotations fi'om this dissertation are allowable without special permission,
provided that accurate acknowledgment of source is made. Requests for permission for
extended quotation from or reproduction of this m^u^ppt in yl^le or in part may be
granted by the copyright holder.
^J^

SIGNED:

4

ACKNOWLEDGMENTS
I am deeply indebted to the many individuals who have brought me to the point of
writing this document. My interests in paleoenvironments and the earth sciences in
general were inspired by associates of the Desert Laboratory at Tumamoc Hill, the
Laboratory of Tree-ring Research, and the department of Grosdences, at the University of
Arizona. These include my doctoral committee consisting of Steven W. Leavitt, Julio L.
Betancourt, Jay Quade, Austin Long and David G. Williams. I have had the good fortune
to be associated with committee members that have accommodated my every need.
Additional thanks are given to those who got me through graduate school. These include
the Tumamoc Hill Gang; Jan Bowers, Ana MacKay, Paul Martin, Kik Moore, Mary Ellen
Morbeck, Donna Opocensky, Betsy Pierson, Jan Price, and Jack Wolf. I am especially
indebted to Peter J. Mehringer, Jr. who opened the door to secrets of the past and became
a lifelong friend. Similariy, Bob Miller, showed me that I could comprehend the deep
history of geology and have fun doing it. I was similarly influenced by Peter E. Wigand
and Saxon Sharpe at the Desert Research Laboratory in Reno Nevada.
I am especially grateful to Mary Kay O'Rourke who believed in my ability to
analyze pollen grains and provided me with an income throughout my graduate student
career. Numerous colleagues helped my completion of tasks and ultimately facilitated my
doctoral work. These include Luis Fernandez, Kira Flanagan, Anne Hyvarinnenin, Nicos
Melitos, and Seumas Rogan.
Funding was provided through NSF grant (EAR-9418268) to Steven W. Leavitt and Julio
L. Betancourt. Field and laboratory assistance was provided by a number of people and is
greatly appreciated. They include; Larissa Aumand, Angela Barclay, Mark Betancourt,
Gabriel Cisneros, Tom Harian, Camille Holmgren, Mika Jensen, Tom Jones, Danielle
Kane, Kerrie Kuehn, Claudio Latorre, Melanie Lenart, Vada Maryol, Leslie Parkinson,
Jon and Lisa Pedicino, Nicole Ricketts, Kate Rylander, Staffan Schorr, Mike Wall and
Edward Wright.
Access to the mass spectrometer was provided by Austin Long and Dave Dettman.
Midden material was graciously provided by Tom Van Devender, GeofiTSpaulding, and
Peter Wigand. Discussions concerning the use of carbon isotopes has been greatly
facilitated by James Ehleringer, Hyrum Johnson, and Larry Toolin.
Finally, I thank my family. Without the love and guidance of my parents, and the
inspiration that they provided throughout my life, this dissertation would not have been
possible. I also owe special thanks to my sister who has always had the ability to remind
me of what's important and how foolish we all look at times.

DEDICATION
This dissertation is dedicated to Lisa who has instructed me on the fine art of life.

6

TABLE OF CONTENTS
LIST OF ILLUSTRATIONS
LIST OF TABLES
ABSTRACT
INTRODUCTION
Atmospheric Carbon Dioxide
Plant Physiology
Stable Carbon Isotopes
Stomatal Density
Stomatal variability
Intra-plant stomatal density
Inter-plant stomatal density
Dissertation Format
PRESENT STUDY
Introduction
Sampling Strategy
Modem transects
Modem transect sample collection
Herbarium sample collection
Packrat middens
Packrat midden collection
Methods
Sample analysis
Isotopic analysis
Stomatal measurements
Results
Future Research Directions
REFERENCES CITED
APPENDIX A
Abstract
Introduction
Methods
Results
Discussion
Conclusions
References Cited

9
10
11
13
16
27
33
41
44
44
46
53
56
57
57
57
65
67
67
73
75
75
75
79
82
89
91
114
115
117
120
124
129
135
137

7

TABLE OF CONTENTS - Continued
APPENDIX B
Abstract
Introduction
Methods
Results and Discussion
Modem transects
Herbarium material
Packrat middens
Conclusions
References Cited
APPENDIX C
Abstract
Introduction
Geographic Setting
Methods
Results
Discussion
Cj Gymnosperms
Cj Angiosperms
C4 Angiosperms
CAM Angiosperms
Conclusions
References Cited
APPENDIX D
Abstract
Introduction
Stable Carbon Isotopes and Plant Physiology; Theory
Eco-physiology parameters
Site Description and Methods
Laboratory Methods
Modem Midden Comparisons with the Surrounding Plant Communities . .
Results and Discussion
C3 Gymnosperms
C4 Angiosperms
CAM Angiosperms
Conclusions
Appendix
References Cited

143
144
145
151
160
160
167
170
176
179
185
186
188
193
195
199
214
222
224
226
228
231
233
241
242
244
247
250
252
254
257
258
258
267
269
270
273
281

8

TABLE OF CONTENTS - Continued
APPENDIX E
Abstract
Introduction
Background
Modem Samples
Paclcrat Nfidden Samples
Methods
Results and Discussion
Conclusions
References Cited

287
288
290
292
298
299
302
304
322
323

9

LIST OF ILLUSTRATIONS
Figure l.I, Historic Atmospheric CO,
Figure 1.2, Reconstructed Atmospheric COj
Figure 1.3, Reconstructed Atmospheric 6"C
Figure 1.4, Modeled Carbon Assimilation
Figure 2.1, Monthly mean climatic &ctors
Figure 2.2, Utah climate gradients
Figure 2.3, New Mexico climate gradients
Figure 2.4, Isotope Standards

17
18
23
28
62
64
68
77

10

LIST OF TABLES
Table 2.1, Plant species analyzed
58
Table 2.2, Plants collected along each elevational gradient
59
Table 2.3, Utah climate stations used to calculate climatic gradients
63
Table 2.4, New Mexico climate stations used to c&!culate climatic gradiems .. 66
Table 2.5, Collection data for herbarium samples
70
Table 2.6, Collection data for midden nuterial
76

11

ABSTRACT
During the last deglaciation, 15,000 to 12,000 calendar years ago, global warming and
wholesale shifts in regional precipitation patterns produced dramatic changes in vegetation
worldwide. Paleobotanical records, namely pollen and macrofossils, have been used not
only to reconstruct shifts in plant distributions and abundances, but also to quantify
changes in temperature and precipitation amounts or seasonality. In addition to climatic
change, during the fiill glacial period atmospheric COj values had dropped 30% to 200
ppmv compared to the Holocene, preindustrial value of280 ppmv. Hypothetically,
variations in atmospheric COj affect plant water-use efficiency (carbon gained to plantwater transpired) and thus may have modulated vegetation response as climates change.
The studies incorporated in this dissertation focused upon carbon isotope and
morphological changes in leaves of key functional groups. The studies concentrated on
plant species that are abundant in the fossil record and comprise major floral components
of past and present vegetation. Key findings include; I) that shifts in 5''C in modem
populations along steep environmental gradients seldom exceeds inter-plant variability at a
given site, 2) inter-plant and intra-site variability in modem and historic herbarium
collections of the C4 halophytes Atriplex canescens and A. confertifolia and packrat
midden macrofossils of A. canescens excludes their use as a reliable proxy for atmospheric
6"C, 3) calcium-oxalate crystals are common component in plant tissue and can have a
significantly different

value that increases inter-plant variability, especially in C4

plants such as Atriplex canescens and A. confertifolia, 4) cart)on isotope and stomatal

density/index measurements of macrofossils from pacicrat middens show species specific
adaptation in ecophysiological processes as atmospheric CO, rose from the full glacial,
and S) the greatest adaptation to low atmospheric CO, during the last ice age was in the
C3 species and that C4 and CAM plants showed few changes in their discrimination against
"C or in the number of stomata on their leaf surfaces.
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Introductkm
During the last deglaciation, 15,000 to 12,000 calendar years ago, global warming
and wholesale shifts in regional precipitation patterns produced dramatic changes in
vegetation worldwide. Paleobotanical records, namely pollen and macrofossils, are used
not only to reconstruct shifts in plant distributions and abundances, but also to quantify
changes in temperature and precipitation amounts or seasonality. Paleoclimatic
interpretations may be compromised by (1) uniformitarian assumptions that species
responses in the past are the same as today, and (2) assumptions that only climate affects
vegetation through time. Development of DNA techniques may eventually support the
first assumption; the second assumption is tenuous because the concentration of
atmospheric COj changed since the last ice age. During the full glacial period,
atmospheric COj values were 30% lower, at 200 ppmv, than the Holocene to preindustrial
value of280 ppmv. Hypothetically, variations in atmospheric CO; afifect plant water-use
efficiency (carbon gained to plant-water transpired) and thus modulate vegetation
response as climates change. Vegetation responses may have encompassed changes in
plant growth rates, competitive interactions between species with dififerent metabolic
pathways, and effects on plant-herbivore interactions.
Direct and indirect effects of shifts in atmospheric COj on vegetation may be
confounded by the direction and magnitude of changes in regional climates, and the
fragmentary and indirect nature of paleoecological evidence. Increased water-use
efficiency with COj enrichment has been invoked to explain expansions of mesophytes in
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east Africa during deglaciation (Street-Perot et al. 1997), but can not similarly explain
expansion of xerophytes in the southwestern U.S. during the same period (Betancourt
1996). Modem studies in growth chambers at low atmospheric CO2 levels (Mayeux et al.
1993) determined physiological responses to low atmospheric CO2 levels (PoUey et al.
1993). However, the focus on only a handful of species and lack of field studies hamper
interpretations of direct CO2 effects on past plant communities. Another approach used
morphological and isotopic analysis to detect changes in fossil plant material. This
research uses stomatal density measurements and carbon isotopic analysis to investigate
the effects of changing atmospheric CO2 levels over the last 40,000 radiocarbon years B.P.
Previous stomatal density studies of fossil material confined analysis to single
species (Beerling and Chaloner 1992, 1993a, 1993b; Van de Water et al. 1994; Wagner et
al. 1999), small sample sizes (Beerling and Chaloner 1993a, 1993b; Van der Burgh etal.
1993), and limited samples over long intervals (Van der Burgh et al. 1993). Studies using
the ratios of naturally-occurring stable isotopes ("C/'H^,

(D/H), and "0/"0) in

plant material also have concentrated on single species (Siegel 1983; Long etal. 1994;
Beerling e/a/. 1993b; Marino e/a/. 1992; Van de Water e/a/. 1994; Pendall 1999) and
intermittent samples representing long periods of time (Araus and Buxo 1993; Marino et
al. 1992).
The objectives of this study are to track morphological and isotopic changes in
fossil leaves of key fiinctional groups concurrent with changing atmospheric and climatic
conditions since the last ice age. The abundance and quality of fossils available in packrat
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middens, along with their spatial (packrats collect within 100m of their nests) and
temporal resolution (± 100 to 1000 years) provide a unique opportunity to reconstruct
physiological responses to changing atmospheric and climatic conditions.
Here, I present stomatal density and carbon isotopic analysis of modem and fossil
leaves from several species. The study focuses on material collected along a transect from
the Colorado Plateau of southern Utah to the Big Bend area of west Texas and includes
three types of research activities;
1) collected modem plants across steep elevational gradients and contrasting slope aspects
to measure intra- and inter-plant variability across a wide range of environmental
conditions;
2) sample herbarium collections ofAtriplex spp., C4 halophytes, to evaluate their use in
reconstructing past atmospheric 6"C values.
3) analyze fossil leaves spanning the last 40,000 years to examine possible responses to
CO; variations during the late Quaternary.
I concentrated on plant species that are abundant in the fossil record and comprise major
floral components of past and present vegetation (Betancourt et al. 1990). Key questions
include;
1) What is the variability of 6'^C and stomatal density inherent in modem populations?
2) If intra-plant and intra-site variability is constrained, can 6'^C of C4 plant cellulose be
used as a reliable proxy for atmospheric 6"C?
3) How did plants respond to low atmospheric CO2 levels during the last glacial and to
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COj enrichment during deglaciation?
4) How did plants balance the demand for CO2 against the need to conserve plant water?
5) How did strategies for acquiring carbon di£fer among different functional groups under
difTcrent climates and COj conditions?

Atmospheric Carbon Dioxide
Reconstruction of past plant physiological parameters requires knowledge of
historic and prehistoric changes in atmospheric CO2 concentrations and the ratio of
carbon 13 ("C) to carbon 12 C^C) in the atmosphere. The measurement of atmospheric
CO2 concentrations began during the late 19"* and early 20" centuries using chemical
titration methods (Fraser et al. 1986). Continuous atmospheric CO2 monitoring began at
Mauna Loa, Hawaii in 1958 (Keeling et al. 1989). Forty years later, the global network of
monitoring stations (Boden et al. 1994) has documented seasonal and interannual fluxes,
superimposed on an exponential increase in atmospheric COj concentrations. A decline in
atmospheric 5'^C occurred during this period, with continuous monitoring since 1977
(Keeling et al. 1984; Mook et al.1983). Spatial and temporal variability in both
atmospheric constituents, C02and 6'^C ratios, are linked directly to natural biosphere
processes and to the burning of fossil fuels and land-use changes (Keeling and Whorf
1994; Marland et al. 1994). Thus, it is no surprise that seasonal and interannual fluxes of
CO2 and fi'^C vary across latitudes, with the greatest spatial and temporal variability
occurring in the Northern Hemisphere (Keeling et al. 1989). With growing interest in the
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modem carbon cycle, investigators also began to search for older records of atmospheric
CO2 fluctuations. Scholander e/ a/. (1961) proposed that ancient air bubbles trapped in
polar ice contain a record of past atmospheric gas levels including COj. Drilling projects
to probe the deeper layers of the polar ice caps were soon initiated in Greenland (Camp
Century, Dye 3, GISP, and GRIP ) and Antarctica (Byrd, DS7, DE08, Dome C, Law
Dome, Siple, Vostok,). The result has been high quality records of past atmospheric COj
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Figure 1.1. Records of historic atmospheric CO2 for the last 1200 years from current
atmospheric monitoring and ice core records from Antarctica and Greenland.
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Figure 1.2. Reconstructed atmospheric CO2 from select ice core records from
Antarctica (Taylor Dome, Vostok and Byrd ice cores).
concentrations, spanning a period greater than 100,000 years (Neftel et al. 1982, 1988 ).
The historic rise of atmospheric CO2 is recorded in results from current
monitoring efiforts and the analysis of trapped air bubbles in ice and snow deposits. Global
1997 atmospheric COj concentrations are measured at 362 ppmv; a ca. 30-35% increase
from the late 19"' century estimate of260 to 280 ppmv (Frasere/a/. 1986) (Figure 1.1).

The overlap between atmospheric monitoring and the ice core record shows substantial
agreement in average yearly CO2 values (Raynaud ef a/. 1993). Prior to atmospheric
monitoring, ice cores from Siple Station Antarctica (Neftel et al.198S; Oeschger et
al.1985) and Law Dome (Pearman et al. 1986; Ethridge et al. 1996), as well as analysis of
the fim at the South Pole (Battle et al. 1996), indicate a steady decline to pre-industrial
CO2 concentrations of 275 to 285 ppmv. Similar values are reported from the central
Greenland GISP2 ice core (Whalen et al. l991)(Figure 1.1). Ice-core atmospheric CO2
values are 10 to 30 ppmv lower than concentrations modeled using the Mauna Loa record
with calculated fossil-fliel input (Keeling et al. 1989). The back-calculated values do not,
however, include estimates of biomass burning which may be a substantial contributor to
rising atmospheric CO2 concentrations (Neftel et. al. 1985). Extending the time scale to
the last thousand years, Oeschger and Stauffer (1986) report values similar to the
preindustrial concentration of280 ppmv with minor (10 ppmv) fluctuations. Similar
results were obtained from Law Dome, Antarctica (Ethridge et al. 1996) and the GISP2
ice-core from Greenland (Whalen et. al. 1991).
Atmospheric COj reconstructions from ice cores for the late Holocene are limited.
The most extensive record, Taylor Dome (Indermiihle et al. 1999; Smith et al. 1999)
exhibits values between 265 and 270 ppmv at the beginning of the Holocene. Values
decrease to approximately 260 ppmv around 8000 calendar years B.P., then increase
gradually to 280 to 285 ppmv in preindustrial times. Additional Holocene ice-core values
were determined in the Byrd, Camp Century, and Vostok ice cores (Bamola et al. 1987;
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Neftel et al. 1982, 1988) (Figure 1.2). Values reconstructed from the Vostok ice core are
consistently S to 10 ppmv lower than the Taylor Dome record but track the overall trend
of the data (Bamola ef a/. 1987). Neftel e/a/. (1988) report a similar range of values,
240 to 290 ppmv, from the Byrd Station ice-core between 5,000 and 10,000 calendar
years B.P. For comparison, Figge and White (1995) and White et al. (1994) report similar
atmospheric COj concentrations between 240 and 290 ppmv for the Holocene
reconstructed from the 5"C content of moss and sedge macrofossils. The macrofossils
were recovered from a sediment core taken in a raised Sphagnum sp. peat-bog located in
southernmost South America. Comparison of macrofossil and ice core data suggests
compatibility between the two methods although the bog macrofossils exhibit higher levels
of variability (Figge and White 1995). The low atmospheric COj level is similar to the
atmospheric minimum of245 to 255 ppmv at -8,000 calendar years B.P. exhibited in the
Taylor Dome ice core (Neftel et al. 1988)(Figure 1.2). In the GRIP and GISP2 ice cores,
an excursion between 8000 and 8400 calendar years has been noted in several parameters
including the snow accumulation rate, temperature, CI ~, Ca

meiihane, and the

occurrence of ammonium as a proxy for forest fires (Alley et al. 1997).
The greatest changes detected in COj concentrations are reported from the glacial
to interglacial transition (Figure 1.2). Ice-core records from both hemispheres indicate
CO2 concentrations were 25 to 30% lower (ca. 200 ppmv), during the last glacial than
Holocene values (270 to 280 ppmv) In Antarctica, the Byrd and Vostok ice cores record
full glacial values of 190 to 200 ppmv (Bamola et al 1991), with variability less than 20

ppmv (Anklin et al. 1997). The GISP2 ice core from Greenland shows an increase in
atmospheric COj from 190 ppmv to 270 ppmv between the glacial maximum and the
Holocene (Smith et al. 1997). In addition, the Greenland ice cores record atmospheric
CO2 concentrations during the late glacial maximum (LGM) ~18,000 calendar years B.P.,
that are statistically indistinguishable from the Antarctic ice cores (Anklin et al. 1997).
However, temporal variability is as high as SO ppmv during the period prior to the LGM
and deglaciation. These CO2 excursions are thought to result from excess CO2 generation
during periods of changing ice alkalinity that reacts with carbonate dust and the oxidation
of organic carbon (Anklin et al. 1997; Delmas 1993; Smith et al. 1997; StaufTer et al.
1998). Similar conclusions led Wilson and Long (1997) to use sublimation to eliminate
the inclusion of secondary carbon compounds during analysis of the GISP2 ice core. This
change in methodology yielded fiill-glacial atmospheric CO2 values 20 p.p.m.v greater
than other ice core records. An apparent depletion of CO2 in the Dye 3 and GRIP ice
cores during the Younger Dryas, 13,000 to 11,700 calendar years B.P. is also ascribed to
changing ice alkalinity during this dramatic climatic event (Anklin et al. 1997). The
changes are not evident in the Antarctic ice cores where carbonate dust is minimal (Anklin
etal. 1997).
The ratio of "CO2 to *H302, measured as 6"C, probably shifted with CO2
concentrations Unfortunately the ability to reconstruct

before the advent of

atmospheric monitoring has proven difficult. The importance of knowing past
values cannot be overstated. Reconstructed atmospheric 6"C values are used extensively
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to model the global carbon cycle (Maslin et al. 1995) and ocean dynamics (e.g. Broecker
et al. 1993; Samthein et al. 1994), to determine changes in terrestrial sinks and sources
(Esser and Lautenschlager 1994; Van Campo et al. 1993), and to infer plant responses to
changing atmospheric COj and

using fossil remains (Beerling et al. 1993b; Van de

Water et al.1994) and soils (Cole and Monger 1994; Liu et al. 1996).
Since Industrialization, the 6"C of the atmosphere has become isotopically lighter
C^C -depleted), largely from dilution through the combustion of petroleum products (6"C
of about -30%o) and coal (6"C of-25%o to -30%o) (Faure 1991). The 1997 value for
5'^C of the atmosphere was -8.4%o, a value ca. 2.0%o lighter (more negative) than preindustrial values (Figure 1.3). Initial atmospheric sampling in 19S6 (Keeling 1958, 1961)
was resumed in 1978 (Keeling et al. 1979) and showed that 6'^C became O.5596o lighter
(more negative) over that period. Analysis of global monitoring data since 1977 indicates
spatial and temporal variability in 6"C^ similar to that of atmospheric CO2 ( Keeling et
al. 1984; Mook et al. 1983). As with atmospheric COj, pre-monitoring 6"C values are
inferred using polar ice core samples and plant macrofossils.
Isotopic analysis of the CO2 contained within the ice cores provides one measure
of past atmospheric fi'^C levels. For example, 6"C values from the Siple Station ice core
yielded a 200-year record (Friedli et al. 1986) that overlaps and agrees with direct
atmospheric measurement (Keeling et al. 1979; Mook and van de Hoek 1983) (Figure
1.3). The isotopic value of the atmosphere for the period before Industrialization is
reported at ca. -6A%o (Friedli et al. 1986). A sample of air from the Siple Station ice-
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(Keeling e/a/. 1989).
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core (-6.44%o ), dated between 1220 and 1S60 A.D., is consistent with more recent
preindustrial values (-6.41%o ) (Figure 1.3). Friedli et al. (1984) report values from the
South Pole ice core of-6.71%o, -6.77%o, -6.64%o and -6.65%o for the years 1550,
1430, 1320 and 1210 A.D. respectively. The results appear consistent within the core but

are isotopically lighter than other records. Values were not corrected for the NjO
component that is the same number of nucleons as "C02 resulting in lighter (more
negative) fi-values. Nitrous oxide shares the same molecular weight as "CO2. Additional
analysis of the South Pole core by Leuenberger et al (1992) yielded a 6"C of -6.70 ±
0.13 for the time period 1200 to 1S50 A.D., which is closer to the original value.
Additional ice-core values are reported from Siple Station at -6.50 ± 0.07%o for the
period 1740 to 1820 A.D., -6.49 ± 0.05%o from the Byrd ice core dated between 1080 to
1310 A.D., and -6.41 ± 0.09%o from the Greenland Dye 3 core for the period 1780 to
1820 A.D. (Figure 1.3).
The only carbon isotope values for the late Holocene have been obtained only from
the Taylor Dome ice core (Indermuhle et al. 1999; Smith et al. 1999 ). They range from
approximately -6.3 to -6.6%o. Early Holocene

values are reported to be -6.6%o,

then increase to -6.3%o coincident with the decrease in atmospheric CO2 at about 8,000
calendar years B.P. and return towards lighter pre-industrial values of-6.5%o (Figure
1.3). Early and late Holocene values are in good agreement with the Byrd ice core at
-6.65%o (Leuenberger et al. 1992) and from Law Dome values of-6.44 ± 0.013%o (n =
14) (Francey et al. 1999).
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Late Pleistocene isotopic content of air trapped in the Byrd Station ice core was
analyzed by Friedli et cd. (1984) and Leuenberger et al. (1992) and at Taylor Dome by
Smith et al. (1999). 6"C values of-7.59%o for ice older than 50,000 calendar years B.P.
are reported by Friedli et al. (1984), but the results were not corrected for NjO effects.
Leuenberger et al. (1992) report fiill glacial 6"C values of -6.84 ± 0.12%o (n = 14)
(40,000 to 20,000 calendar years B.P.), -6.65 ± 0.13%o (n = 9) during the late glacial to
early Holocene (15,000 to 9,000 calendar years B.P.), and -6.52 ± 0.12%o (n = 19) for the
preindustrial value (900 to 600 calendar years B.P.) (Figure 1.3). These data report a
5'^C shift of 0.3%o during the Pleistocene to Holocene transition. The Taylor Dome
values are -6.70

0.16 %o (n = 8) during the full glacial (27,000 to 20,000 calendar years

B P.) and -6.71 ± 0.14 %o (n = 14) during the transition (15,000 to 9,000 calendar years
B P.) (Smith et al. 1999).

Theoretically, independent confirmation of the ice-core data for

could

come from isotopic analysis of €« plant tissue (Marino et al. 1992; Toolin and Eastoe
1991). Physiological models of the C4 carbon assimilation pathway (Farquhar 1983)

suggest that 5"C can be calculated from the "C/"C ratio ofCf plant tissue. Marino and
McElroy (1991) established the relationship between the atmospheric
of domesticated com kernels grown in North Carolina and Florida. Past

value and that
was then

calculated using com seed stock collected at Ames, Iowa, from 1948 to 1987. The match
with direct measurements at Mauna Loa suggested that fossil and subfossil C4 plant
material might be an appropriate proxy to reconstruct

In contrast, Toolin and
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Eastoe (1991) collected and analyzed herbarium samples of Setaria sp., a C4 grass
growing throughout the southwestern United States. The 6"C of the grass samples
became 1.8%o lighter from 19S7 to 1968, a value that greatly exceeds the reconstructed
global trend of 0.26%o (Figure 1.3). The authors suggest urbanization and increased
fossil-fliel burning in the collection area during this period as possible confounding factors.
Recent investigations using Atriplex canescens and A. confertifolia herbarium samples
from the southwestern United States loosely track reconstructed atmospheric
However, their use as an accurate proxy of

values.

is problematic in light of high intra- and

inter-plant and site variability and a systematic shift towards lighter 6"C values in more
modem .4. canescens samples (Pedicino 1997).
Marino et al. (1992) reconstructed atmospheric

values for the past 33,000

calendar yrs. B.P. using Atriplex confertifolia leaf macrofossils. They report atmospheric
values of -6.40 ± 0.lS%o reconstructed from 6"C in Atriplex confertifolia leaves
collected from nine Holocene packrat middens. Reconstructed
Holocene are approximately 0.12%o heavier than ice-core

values for the late

values (Figure 1.3). In

addition, 7 packrat middens dated to the last 33,000 calendar yrs B.P. show a 0.7 to 1.0%a
5"C depletion (more negative) over Holocene values (Marino et al. 1992). Toolin and
Eastoe (1991) inferred constant

values over the last 14,800 calendar yrs B.P. using

the C4 grass, Setaria sp., sampled from 26 radiocarbon-dated packrat middens (Figure
1.3). Both studies showed greater variability than the ice-core results. This variability
may result from species-specific responses, intra and inter-population variability and
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environmental heterogeneity.

Plant Physiology
CO2 difiiises through stomata and plants fix the carbon in the chloroplast during
photosynthesis. Farquhar and Sharkey (1984) modeled the rate of carbon assimilation
(A) versus the partial pressure ofCOj (pCOj) at the site of carboxylation (Figure 1.4).
Rising pCOj increases carbon assimilation rates, up to the point where Rubisco (Dribulose 1,5 bisphosphate carboxylase/oxygenase) regeneration maximizes and
assimilation rates become limited. For concentrations below the saturation point, the
response to variations in pCOj is linear. A line drawn from the atmospheric pCOj level
(CJ to the rate of assimilation (CJ defines the supply fiinction (Fig. 1.4). The ratio C/C,
is a set point or control point, which theoretically reflects an integrated measure of a gas
exchange metabolic response during environmental change (Ehleringer 1993a, 1993b;
Ehieringer and Cerling 1995). The diffiision of CO2 from the atmosphere to the site of
carboxylation encounters resistance along the pathway. If a constant relationship exists
between the interior and exterior concentrations (Policy e/ al. 1992, 1993), defined by the
slope of the line of the supply function, then full-glacial assimilation rates would have been
as low as 50% of current levels (Fig. 1.4). Full glacial COj concentrations should have
limited carbon acquisition (A) in C3 plants. Rubisco can also fix oxygen through
photorespiration, which releases COjas a waste product thus lowering the net assimilation
rate. Carbon assimilation increases if photorespiration is limited, a process that releases
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Figure 1.4. Modeled carbon assimilation based upon the intercellular carbon dioxide
concentration (Farquhar and Sharkey 1982). The dashed line represents the demand
function, which is the diffusion resistance between the atmospheric pCOj (CJ and
intercellular partial pressures (Cj). Assuming the same slope, constant C/C„ full
glacial assimilation values suggest rates close to 50% of current levels.
approximately 20 to 25% of all carbon assimilated (Lorimer 1981).

Polley et al. (1993) found a significant relationship between carbon assimilation
and pCOj in Avena saliva, Brassica kaber and two varieties of Triticum aestivum
growing at full-glacial CO2 concentrations of 160 to 200 ppmv. In addition, the C/C,
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ratio was invariant in i4vena and Brassica^ 0.70 and 0.6S respectively, and changed only
slightly in the wheat, a 0.03 shift between 225 and 350 ppmv. They found that Q and the
biomass per plant increased proportionately with COj concentrations over a range similar
to that experienced during deglaciation; this implies that changes in plant biomass are
directly tied to assimilation rates. This is in direct contrast with a constant Q and
decreasing C/C, ratio reconstructed from 6'^C of leaf litter accumulated over the last
century under Prosopis alba in the Atacama Desert of northern Chile (Ehleringer et al.
1992; Ehleringer and Ceding 1995). These conflicting results may reflect species-specific
variations, inherent differences between life forms (i.e., trees versus herbs), or changing
adjustments made by plants at different atmospheric COj concentrations and/or partial
pressures. However, during periods of low atmospheric COj, such as the last full glacial,
the inherent resistance to COj difRjsion through the leaf and the minimum concentration of
CO2 that can be maintained in the leaf interior limits adjustments by plants to maximize
carbon assimilation.
The drive to obtain carbon dioxide for fixation is opposed by a need to conserve
plant water. Open stomata provide a pathway to the leaf interior for COj but allow plant
water to escape into the atmosphere, via transpiration. The moles of transpired plant water
can be as great as fifty times the influx of CO2 (Taiz and Ziegler 1991). However, the
strong correlation between stomatal conductance of CO2 and carbon assimilation rates
(Wong et a/.1979) illustrates the control that stomata must exercise between the need to
conserve water while acquiring adequate carbon sufficient to sustain energy and growth
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levels. The carbon gained (assimilation) versus water lost (transpiration of HjO ) is
known as water-use efficiency (WUE). During conditions of low atmospheric COj, such
as during the full glacial, the only way to maintain constant levels of COj uptake would be
to open stomata wider and/or for a longer period than during the interglacial. Fulfillment
of CO2 requirements increases transpiration unless the leaf area vapor pressure deficit
changes also, thus ultimately lowering WUE.
Mechanisms controlling the opening and closing of guard cells on an individual
stoma are not fully understood and remain controversial (Kems and Assmann 1993).
However, one possible mechanism to ensure CO2 availability at the site of fixation is to
vary the number of stomata per leaf area (stomatal density). Studies of dried plant
material along with herbarium and fossil samples have established decreasing stomatal
densities during periods of rising atmospheric COj levels. These studies have documented
such changes during the recent COj rise (Woodward 1987; Woodward and Bazzaz 1988;
Pefiuelas and Matamala 1990; Beerling and Chaloner 1993a, 1993b), the atmospheric COj
increase during the last deglaciation (Beerling and Chaloner 1993b; Beerling and
Woodward 1993; Van de Water et al. 1994; Wagner et al. 1999) and COj fluctuations
over longer geologic periods (Van der Burgh et al. 1993; McElwain and Chaloner 1995).
Increased stomatal density provides a shorter pathway of diffiision to the site of fixation
within the leaf tissue.
In extreme environments, the interplay between the need to fix carbon and
conserve water contributed to the evolution of C4 and Crassulaceae Acid Metabolism
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(CAM) photosynthetic pathways (Ehleringer et a!. 1991). In C4 plants, carbon dioxide is
converted to C4 acids (malate and/or aspartate) in the mesophyll. The assimilated CO, is
transported to the site of fixation in the bundle sheath cells. The C4 acids are
decarboxylated to CO, and fixed through the C3 (Rubisco) carbon cycle.
Decarboxylation releases CO, into the site of fixation producing C3 acids that are
transported back and regenerated into phosphenolpyruvate, the enzyme responsible for
initial CO, assimilation. The added biochemical step and transport process exact higher
energy costs but result in a much higher concentration of CO, at the site of fixation, thus
inhibiting photorespiration. Variants occur in the enzymes used to transport the
assimilated carbon and in the 3-C acids returned for regeneration to
phosphoenolpyruvate. The variants are nicotinamide adenine dinucleotide phosphate
malic enzyme type (NADP-ME), nicotinamide adenine dinucleotide malic enzyme type
(NAD-ME), and phosphoenolpyruvate carboxykinase (PCK) type.
The concentrating mechanism at the site of fixation results in a reservoir of CO,;
hence, C4 plants can partially decouple stomatal function fi'om carbon demand. This
decoupling reduces transpiration by keeping stomata closed for longer periods (Taiz and
Zeiger 1991), and with the greater affinity of PEP-carboxylase for CO, and no oxygen
fixation by the enzyme makes C4 plants competitive in low CO, and water-restricted
environments. In addition, the yield of photochemical products per total number of
quanta absorbed, the quantum yield, remains unchanged in C4 plants over a range of
temperatures. In C3 plants increasing temperature inhibits photosynthesis and promotes
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photorespiration (Ehleringer and Pearcy 1983; Ehleringer and Bjodanan 1977). During
the full glacial period, conditions should have favored the COj-concentrating mechanisms
of C4 physiology, but lower temperatures may have offset some of this competitive
advantage of C4 plants.
Each biochemical variant exhibits a range of control over leakage from the bundle
sheath cells. The fraction of COj that leaks from the bundle sheath cells is a measure of
the contribution that C3 photosynthesis makes to the plant's overall carbon balance. As
the fraction of leakage approaches one, the plant becomes essentially a C3 plant. Values
for leakage were initially reported as 0.37 (Farquhar et al. 1989), but additional studies
reported values in grass subtypes of 0.22 to 0.38 in NADP-ME, 0.34 to 0.55 in PCK,
and 0.38 to 0.75 in NAD-ME (Buchmann et al. 1996), and finally 0.36 in the shrub
Atriplex confertifolia (Marino et al. 1992). Henderson et al. (1992) report leakage
factors for eleven species of different C4-decarboxylation types to be nearly constant at
0.22. Greater values were discovered in NAD-ME and PCK type monocots where
leakiness was significantly higher at 0.30 and 0.25, respectively.
A third carbon-fixing physiology is Crassulaceae Acid Metabolism (CAM).
Mechanisms have evolved that achieve high WUE by limiting COj uptake temporally.
CAM plants open their stomata during the night when air temperature and evaporative
demand are reduced. Carbon dioxide taken into the mesophyll is converted into malic
acid and stored in vacuoles within the leaf tissue. The dark acidification of succulent
leaves has been recognized for some time (Bonner and Bonner 1948). During daylight
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hours stomata are closed, conserving plant water and the malic acid is decarfooxylated
back to CO} and fixed through the C3 cycle. Similar to C4 plants, the concentrating
mechanism inhibits photorespiratory oxygenation and fevors carboxylation. During
periods of excessive evaporative demand from either high temperatures or water deficits,
CAM plants shut their stomata and continue to photosynthesize by recycling carbon
released through photorespiration (Ting and Gibbs 1982). Some CAM plants exhibit
long-term regulation of their physiology and can shift their "CAM-ness" according to
environmental conditions. If water status allows, plants will take in a significant amount
of carbon during the day and fix it under the C, pathway (Taiz and Zeiger 1991). These
are known as facultative CAM plants. Obligate CAM plants fix carbon using CAM
physiology full-time. During the low atmospheric COj conditions, CAM physiology
would continue to concentrate CO2 at the site of fixation and make CAM plants
increasingly competitive.

Stable Carbon Isotopes
Carbon isotopes have been useful in understanding plant ecophysiology, and
analysis is straightforward. Organic samples are combusted in the presence of excess
oxygen to form "^O,, where "x" is an isotope of carbon. The molecular ratio of'^COj
to '^COj reflects the ratio of "C to

in the original sample. Measurement of the

"C/"C ratio is conducted on a ratio mass spectrometer specially designed for highprecision measurements of the ratio R, defined as
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{Eq. 1)

The R value is compared against a standard, carbon dioxide obtained from the PeeDee
belemnite calcite (PDB standard) found in the Pee Dee Formation of South Carolina
(Craig 1957). Results are reported in units of "per mil," or %a. The equation to convert
R to 6'^C is
6'^C = \R{5ampl^lR{standard)- I]* 1000%o

2)

Changes in 6"Cp._^ respond to both biological processes and atmospheric chemistry. For
plant isotopic values to be comparable, the effect of changing atmospheric 5"C must be
removed. Once removed, the resulting isotopic value is known as discrimination, also
reported in %o notation, and defined as

Discrimination = ^

^
1 +6"Cp/10<X)

(Eq. 3)

where 6'^C, and 5"Cp are the carbon isotopic content of the air and plant material,
respectively. Discrimination is always reported as a positive number whereas the
values are negative. This difference can lead to confusion where both measures are
reported (O'Leary 1981).
The development of plant isotopic analysis began during the late 1940's and
19S0's and is reviewed in Ehleringer and Vogel (1993). Early surveys of plant material
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showed a dichotomy in that some species exhibited greater proportions of "C. However,
a unifying theory to account for these differences remained elusive. During the mid1960's biochemists began to deconstruct the biochemistry of photosynthesis. The
discovery of the C4 carbon fixation pathway provided a means to understand "C
enrichment found in select terrestrial plant species (Kortshak et al. 196S; Hatch and Slack
1966). Bender (1968) published the first "C data delineating enriched isotopic values
with the C4 photosynthetic pathway of plant tissue. Plant surveys identified C4
physiology in 13 different families (Bender 1971, Downton 1975, Smith and Epstein
1971), suggesting parallel evolution of C4 photosynthesis rather than a single common
origin. During the same period, anomalous

enrichment in succulents also was

reported (Bender 1971; Vogel and Lermarm 1969). The variability associated with those
measurements was soon linked to a third physiology type, Crassulacean Acid Metabolism
(CAM) (Bender et al. \9Ti).
The biochemistry of photosynthesis and carbon fixation was first described during
the late 1970's (O'Leary and Osmond 1980; O'Leary 1981). Farquhar

a/. (1980,

1982) proposed a model ofCs photosynthesis linking carbon isotopes to physiological
parameters or so-called "set points." Fractionation within C3 plants is expressed as

(EqA)

where a is the fractionation caused by the diffusion of atmospheric COj through the
stomata (4.4%o), b is the net fi-actionation caused by the enzymes Rubisco and PEP

carboxylase (ca. 27%o), and

is the ratio of intercellular COj to atmospheric C02.

To calculate the discrimination of carbon isotopes within the plant use Eq. 4 is modified
to
^=a^(b-a)CJC^,

(Eq.S)

where the equation terms are the same.
A similar effort resulted in a model linking carbon isotopes to C4 plant physiology
(Farquhar 1983). The inclusion in C« physiology of both PEP carboxylase as the primary
agent of fixation and Rubisco as a secondary source of fixation leads to this more
complicated equation
(£4.6)

where a remains the diffusion fractionation from the atmosphere through the stomata,
is fractionation by the enzyme PEP carboxylase (-5.7%o at SCC), and the C/C, ratio is
the intercellular and atmospheric partial pressures of COj. The term bj is the fixation of
carbon using the C3 Rubisco pathway, s is the fractionation occurring during leakage out
of the bundle sheath cells (1.8%o) (Henderson et at. 1998) and 0 is the firaction of carbon
that has leaked from the bundle sheath cells into the mesophyll tissue. Discrimination in
C4 plants is expressed as
^=a+(b^^{b^-s)<p-a)C,IC^

(Eq. 7)

where the terms follow those for Eq. 6. The ability of CAM plants to change their
physiology has precluded a standardized model of carbon discrimination.
The observation that isotopic fractionation in plants is influenced by
environmental factors has led to the application of isotopic analysis to ecophysiological
questions. For example, aspects of stomatal control over the acquisition of carbon and
the release of plant water during photosynthesis can be evaluated using carbon isotope
ratios. Stomatal closure results in reduced stomatal conductance and is directly linked to
leaf carbon isotope content and leaf water potential (Guy et al. 1980). In C3 plants when
stomata are open, fractionation is primarily influenced by Rubisco, thus the 5"C content
of the fixed carbon shifts toward pure enzymatic fractionation of -27%a. As stomata
close, the residual CO2 in the stomatal chamber becomes enriched in 6'^C forcing
discrimination by Rubisco to shift toward the

minus the difiusion coefficient

4.4%o, or about - 12%o. The isotopic ratio of C3 tissue falls between these extremes and
remains "C depleted compared to the atmosphere, but is > -27%o. In C4 and CAM
plants, the transport of CO2 from the atmosphere into the bundle sheath cells
concentrates CO2 at the site of fixation. This reservoir of CO2 makes the stomata more
responsive to water control and less sensitive to the acquisition of atmospheric COj, thus
dampening 6"C variability.
The isotope analysis of leaf material allows the reconstruction of integrated
measures or set points of plant physiology over the life of the sampled tissue. Carbon
isotopic discrimination is a proxy measure of the C/C, ratio, and thus is strongly
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correlated with water-use efficiency. This allows the comparison of ecophysiological
parameters among species or genotypes along environmental gradients, assuming that the
leaf temperatures have remained constant (Farquhar and Richards 1984). Intrinsic wateruse efficiency is the carbon assimilated (A) divided by the water vapor conductance (g)
out of the plant, described by
A / g = (c„-c,y 1.6

(Eq. 8)

where C, and Q are the same as Eq. 7 g is the leaf stomatal conductance to water vapor
and 1.6 is the ratio of difHisivity of water to COj in the air. The conductance of plantwater (g) can be described as
g = E/v

(.Eq.9)

where E is transpiration and v is the leaf-to-air water vapor gradient divided by air
pressure. A measure of the WUE of a plant, carbon assimilated to water transpired is
described by combining EUj. 8 and 9. The instantaneous WUE equation is
AIE = (c^-c,)/1.6v

(£^-10)

where the terms are defined in equations 8 and 9. Over longer time periods the term I'is
assumed to be constant but as noted in Van de Water et al. (1994), this assumption
cannot be verified. However, fi-om the full glacial period to the present changes in the
leaf-to-air vapor gradient remains unknown.
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Changes in environmental parameters other than atmospheric CO, and 6"C, such
as water availability, temperature and humidity, can also affect the carbon isotope values
in native plant populations. Discrimination (A) against "C has most often been
associated with increased WUE (A/g) in C, plants, although other factors of water
relations may play a role. Ehleringer (1993b) suggests that A should be seen as an
integrated measure that is a reflection of the overall tradeoffs made between carbon gain
and water loss. Analyses of arid-land plants have shown consistent patterns with
increased A in short-lived annuals and plants with high growth rates. Lower A occurring
in longer living plants, with lower growth rates, may be an adaptive strategy for
outlasting droughts (Donovan and Ehleringer 1992; Ehleringer 1993b). Water
availability has also been found to produce a similar pattern. Plants growing along
drainages were shown to have higher A values than plants growing higher on hillslopes,
where water storage in soils is reduced (Ehleringer and Cooper 1988). The response of
plants to changing water conditions is vital to understanding long-term changes between
the last ice age and the present.
Changes in temperature and altitude have also been found to shift A values.
Komer et al, (1988) analyzed 100 C3 angiosperm species or ecotypes from every major
mountain range on the globe. They found significant differences between species
growing at low (-28.896o), mid (-26.2%o) and high (-24.0%o) elevation sites. Similar
trends occurred in physiognomonic groups (trees, shrubs and forbs) and within the genus
Ranunculus. A related study suggests that A is also influenced by temperature (Komer et
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al. 1991). Both studies concluded that changes in temperature and atmospheric pressure
were responsible. Reanalysis of the data showed no latitudinal trend, and the elevation
effect was attributed to changes in pCOj and/or O, (Kelly and Woodward 1995;
Woodward 1993). Growth chamber experiments using a single species, Nardus stricta,
resulted in an increase in

(lower A) when temperatures were reduced and the

number of freezes increased. However, lowered atmospheric pressure reduced 6"C
(higher A) as did leaf surface wetness and soil moisture (Morecroft and Woodward
1990). Temperature and precipitation change with elevation in the arid portion of
western North America and plays a major role in determining plant distributions
(Whittaker and Niering 1965; Whittaker 1967). Analysis of natural plant populations
provide excellent means to calibrate physiological responses to changes in temperature
and precipitation with elevation.
The response of plants to past environmental change has been studied using
herbarium and fossil material. For example, Pefiuelas and Azcon-Bieto (1992) used
herbarium samples from Spain collected over the last three centuries of changing
atmospheric COj and 5"C. They found an overall decrease in A only with the most
recent samples (1982-1988) and suggest that changes occurred most recently in carbon
assimilation or stomatal conductance resulting in increased WUE. Similar results were
obtained in cereal grains from the Mediterranean Basin (Araus and Buxo 1993), in British
woodland trees (Woodward 1993), and in the species Salix herbaceae growing in Austria
(Beerling et al. 1993b). Researchers have argued for increasing WUE over this period.
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although Beerling and Chaloner (1993b) suggest other physiological responses may
obscure this interpretation. Most recently, herbarium samples from seven species
collected throughout the southwestern United States were analyzed for d"C and
ecophysiological calculations ^edicino 1997). High levels of intra and interspecific
variability cloud interpretations of changing physiological parameters in these arid-land
plants over the last ISO years. However, the results suggest a species-specific response
to changing conditions. These studies also point to the need for large sample sizes to
represent natural variability within and across populations.
Analysis of fossil material from the period of deglaciation has also supported
changing physiological responses to shifts in atmospheric COj and 6"C. Van de Water et
al. (1994), used 5"C in Pinus flexilis needles collected from packrat middens to infer a
15% increase of WUE. Reconstructed A, C/C, ratios, and C, values increase during this
transition. Salix herbaceae leaves from the British Isles and Norway dated to the
Pleistocene-Holocene transition exhibit similar trends in reconstructed physiological
parameters (Beerling etal. 1993b; Beerling and Woodward 1993; Beerling 1996a).
Analysis of physiological controls suggest that the major factor controlling the change in
A over this period is changing temperatures. Thus, these values may be used as a proxy
paleotemperature signal (Beerling and Chaloner 1993b; Beerling 1996a).

Stomatal density
Impermeable cuticles and stomata evolved on terrestrial plant surfaces to provide
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land plants a mechanism to retain plant water while acquiring COj. Recognition of past
variations in atmospheric CO2 inspired research about the physiological effects and
phenotypic responses in natural vegetation as well as crop plants. One measure of this
response is the ability of plants to change the number of stomata per area on their leaf
surfaces. In 1987, Woodward reported a 40% reduction in the stomatal density, the
number of stomata per square millimeter, in herbarium samples collected over the last
200 years. Similar studies report decreasing stomatal densities (1) during the current COj
rise (McEIwain et al. 1995; Paoletti and Gellini 1993; Pefiuelas and Matamala 1990), (2)
during the last deglaciation between 18,000 and 10,000 calendar years B.P. (Beerling and
Chaloner 1993a, 1994; Van de Water e/a/. 1994; Wagner eta!. 1999), and (3) over the
Neogene, the last 10 million years (Kurschner 1996; Kiirschner et al. 1996; Van der
Burgh et al.1993).
The frequency of stomata occurring on leaves and the calculation of comparable
indices, vary at several levels. Variability occurs at the inter- and intra-species level,
within and between individual plants (Ticha 1982) and even across individual leaves
(Poole et al. 1996). In addition, stomatal density is strongly affected by environmental
controls other than COj levels, such as light intensity (Gay and Hurd 1975) and water
status (Gindel 1969). Stomata are round to oblong in shape, with two guard cells that
open and close the stomatal opening through turgor pressure. Stomata occur on leaves,
stems, seeds, fruit and flowers (Wilkinson 1979). On leaves, stomata can occur on both
sides of the leaf (amphistomatic leaves), or only on the abaxial or adaxial surface
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(hypostomatic and hyperstomatic) respectively. Stomata can also be classified by their
shape and guard cell arrangement (Baranova 1992; Wilkinson 1979). Parkhurst (1978)
and Mott et al. (1982) report the adaptive and evolutionary significance of stomatal
placement strategy.
Two measures of stomatal fi'equency, stomatal density and index, have been
advanced and used intermittently (Beerling and Chaloner 1992). Stomatal density is the
measure of the number of stomata per area of a given leaf

SKmata! Demity ^ SD - number o/sKmala
area
Stomatal density is the most common measure reported, but it is affected by the number
of surrounding mesophyll cells and thus, may change with leaf area (Salisbury 1927).
Salisbury (1927) proposed the use of the stomatal index (SI) defined as

Stoma,a! index = SI -

ofslomalaper unit area
.
(number ofstomata + number of epidermal cells)

The stomatal index allows the frequency to be standardized to a measure of overall leaf
size. Stomatal distribution over the leaf surface is variable, but the pattern is more
orderly than would be expected fi'om a random distribution (Kagan and Sachs 1991).
Stomatal spacing on angiosperm leaves has been attributed to three different control
mechanisms: (1) The inhibition of stomatal initiation in neighboring cells (Kom 1972,
1993); (2) the reflection of an early pattern that determines cell differentiation (Meinhardt
1982); or (3) a cell lineage that forms stomata also forming the surrounding cells (Sachs

1991). Within conifers, the Pinaceae and Ephedraceae fiunilies exhibit stomata arranged
in linear rows on the leaves. The Cupressaceae family, however, has leaves that are
scalelike and the stomata show no such arrangement.

Stomatal Variability
Stomatal density exhibits intra- and inter-plant variability in response to
environmental controls. Factors influencing stomatal density during ontogeny include
irradiance, water relations, salt loading and decapitation of the primary leaves. In each
case the variability appears to affect either the initiation of stomata or the reduction of
overall leaf size (Ticha 1982). For example, many reports show a positive relationship
between irradiance and stomatal density (Gay and Hurd 1975; Schoch 1972, Schoch et
al.1980; Wild and Wolf 1980). However, rather than being controlled by increased
stomatal numbers, the high stomatal density may be a result of smaller leaf area, as
reported by Knecht and O'Leary (1972) for Phaseolus vulgaris. In Pseudotsuga
menziesii the number of stomatal rows plus needle length and width increased with height
within the tree crown, whereas the number of stomata per row length remained constant
(Phillips 1967). This effect indicates that, wherever possible, stomatal index should be
used over stomatal density measurements.

Intra-plant Stomatal Density
Within individual plants, stomatal density exhibits gradients at different points of
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leaf insertion (Ticha 1982). For example, stomatal density increases on leaves forming a
basal to apical gradient in shrubs and herbs (Ticha 1982, Table 2), dicot trees (Marshall
and Kozlowski 1977), and yearly cohorts of conifer needles (Watts et al. 1976). This
basal to apical gradient was thoroughly investigated in the early 20** century by V.R.
Zalinskii' (1904). From this research Maximov (1929) formulated Zalenskii's Law that
states; "the anatomical structure of individual leaves of the same shoot is the function of
their distance from the root system." According to this principle, insertion gradients
exhibit greater xeromorphic tendency toward the apex of each plant. Zalinskii suggested
that the xeromorphic tendency was a consequence of leaves developing from different
primordia, with different genetic properties in variable environments, and that leaves at
the extremities are under greater water stress.
This suggests that the greatest environmental factor influencing stomatal density
variability within a plant is water availability. Under arid conditions, plant growth in
Pisum sativum L. exhibit higher stomatal densities and greater spacing between leaves for
a steeper insertion gradient (Manning et al. 1977). However, changes in the absolute
number of stomata may not differ as the size of the palisade and spongy mesophyll cells,
along with xylem elements, are significantly reduced with increasing moisture stress.
Aquatic plants grow under the least water stress, which results in smaller differences
occurring on successive leaves (Salisbury 1927). The effect of leaf water content on
stomatal density is more pronounced in leaves of the upper, more exposed part of the
canopy. Increased stomatal densities occur at the apex of the insertion gradient, but
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individual stomata may be smaller. Increased stomatal density with smaller stomata
equalizes stomatal opening area per unit leaf area (Rawson e/a/. 1980). Similar trends
occur with irradiance where steeper insertion gradients occur at distal positions and low
irradiance levels result in closer spacing of leaves (Schoch 1972). Additional
environmental factors have been found to alter the absolute number of stomata, but the
character of the insertion gradient is conserved. These include temperature (Frank et al.
1973), salinity (Gausman and Cardenas 1968), ploidy level (Dunstone et a!. 1973), winter
hardiness (Knecht and Orton 1970), and ecotype differences (Pazourek 1970).

Inter-plant Stomatal Density
Environmental factors over longer periods include variations in atmospheric CO2
concentrations and pCOj. A similar effect is seen with changes in elevation where
increasing altitude exhibits decreasing pCOj. However, the reduction in pCOj, at a
constant mole fraction, is compensated for by an increased rate of COj diffusion (Gale
1972). Plants appear to respond to the intercellular partial pressure of CO2 and have no
sensing mechanism to detect atmospheric COj concentrations directly (Mott 1990).
Therefore changes in stomatal density and index ascribed to elevation are less dramatic
than previously postulated (Gale 1972). The effect of changing atmospheric CO2
concentrations and partial pressures on stomatal density has been studied in five contexts;
(1) plants grown under controlled growth chamber conditions and with field enrichment
(FACE), (2) field studies on living plants growing along environmental gradients, (3)
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documentation of historic changes using plant collections stored in herbaria, (4)
comparison of modem collections with published results from past studies, and (S)
analysis of material from pre-historic times when CO2 conditions might have difTered
greatly from today.
Controlled experiments have tested the effect of changing COj concentrations and
pCOj. Mixed results have been obtained from experiments that vary the COj
concentration. For example, stomatal densities decreased occurred in Lycopersicon
esculentum between 340 and 2200 ppmv (Madsen 1973). In Vaccinium myrtillus grown
between 250 and 450 ppmv, stomatal density decreased on the adaxial but not on the
abaxial leaf surface (Woodward 1986). Similar results were obtained from Phaseolus
vulgaris grown at 400 and 1200 ppmv, but reductions occurred on the abaxial and not on
the adaxial surface (O'Leary and Knecht 1981). In some studies increased stomatal
densities result from CO2 enrichment, such as the C4 grass Andropogon gerardii and C3
herb Salvia pitcheri (Knapp et al. 1994). In three tree species, Acerpseudoplatanus,
Quercus robur and Rhamnus catharticus along with the herb Rumex crispus, not only did
stomatal density decrease, but stomatal index paralleled the reduction in density as COj
rose from 225 to 340 ppmv. From these results. Woodward (1987) suggested that COj
concentration acts as a growth regulator.
Many studies exhibit a ceiling of response at heightened COj levels or lack a
response altogether. Thomas and Harvey (1983) report that neither stomatal density nor
index changed during treatments with atmospheric CO2 concentrations ranging from 340

48

to 910 ppmv in Tea mays. Glycine max and Liquidamber styracilua (two €« and a C3
plant). Populus clones exhibited a similar lack of response when exposed to
concentrations between 350 and 700 ppmv (Radoglou and Jarvis 1990), but significant
changes in stomatal density and index are reported for Populus euramericana grown at
330 and 660 ppmv (Gauldillere and Mousseau 1989). Similarly, rice iOryza sativa)
exhibited significant increases in stomatal densities when samples were grown between
160 and 500 ppmv but were not significantly different at higher concentrations.
Throughout the study, increased CO2 levels resulted in higher, not lower, stomatal
densities (Rowland-Bamford et al, 1990). Increased stomatal density with rising COj
concentrations has also been reported for a number of species by Apel (1989). The
response is further clouded by the research of Malone et al. (1993) who grew C3 crop
plants Avena sativa and Triticum aestivum, along with Prosopis glandulosa and the C4
grass Schizachyrium scoparium, at subambient CO2 levels. They found no consistent
differences between the treatments. These studies demonstrate that responses to COj
enrichment in short-term controlled studies depend on the species.
Whereas most experimental designs varied the mole fraction of COj, Woodward
and Bazzaz (1988) kept the CO2 concentration constant, and varied the partial pressure.
This approach mimics pressure gradient conditions with increasing elevation. Nardus
stricta collected from two populations (336 and 810 m) were grown at 100 and 78 Kpa.
In each population the higher pCOj decreased stomatal densities. Acer pseudoplatanus,
Amaranthus retrofexus. Ambrosia artemisifolia, Geum urbanum, Quercus robur.
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Rhamnus catharticus, Rumex crispus, Setaria faberii showed similar resuhs (Woodward
and Bazzaz 1988), as did Vaccinium myrtillus (Woodward 1986). From this research it
appears that plants are responding to changes in pCOj and not purely the mole fraction of
the environment. The mechanisms controlling the phenotypic response to carbon dioxide
changes remain unknown but the variability within populations suggests some genetic
control (Woodward and Bazzaz 1988).
Field studies documented factors that contribute to stomatal density variability
along elevational gradients. Increased stomatal density at higher altitudes was first noted
by Wagner (1892) and Bonnier (1895). More recently, increasing stomatal densities
with altitude were reported by Komer and Mayr (1981) and Komer et al. (1986).
Elevation gradients in Australia and Scotland also produced positive trends with altitude
in Eucalyptus paucifloria (Komer and Cochrane 1985) and on the adaxial but not the
abaxial leaf surface in native populations of Vaccinium myrtillus (Woodward 1986).
Increased stomatal density at upper elevations appears counterintuitive because plants are
increasingly susceptible to frost damage at high elevations, as observed in Olea europaea
trees growing in Italy (Roselli et al. 1989) and from experimental studies with Betula
alleghaniensis (Vlayne et al. 1998). Mixed results are reported from New Guinea where
Nothqfagus menziesii and Griselinia littoralis growing between 500 and 1200 m show
increased stomatal density, but the ericaceous shrubs Gaultheria antipoda and G.
depressa exhibit decreased densities. Numerous species showed a reduction in stomatal
index with increasing altitude in New Guinea (Komer et al. 1983). However, multiple
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species were included at each elevation combining species specific responses. High
altitude adaptation may have resulted in decreased leaf area that could account for higher
stomatal densities but would have little effect on stomatal index.
Herbarium collections are a ready source of past plant material to analyze for
evidence of past changes in stomatal density and index with COj enrichment since
industrialization. In addition to Woodward's (1987) study, described earlier, Paoletti and
Gellini (1993) report stomatal density reductions of 43% and 28% in Italian populations
of Fagus sylvatica and Quercus ilex, over the last 200 years. McElwain et al. (1995)
found a similar reduction of stomatal density and stomatal index in Salix cinerea leaves
collected between 1856 to 1875 and 1992. Pei^uelas and Matamala (1990) analyzed the
stomatal density, stomatal index, and specific leaf area (leaf area/leaf dry weight) in 14
species collected over a 240-year period in Spain. Stomatal density decreased by 21%,
while stomatal index did not change significantly through time. Analysis of native Salsola
kali, a C4 herb, also showed little change in stomatal index between 1843 and 1987
(Raven and Ramsden 1989). This is consistent with the expectation that the C4
photosynthetic system, where CO2 is concentrated within the leaves, dampens the need to
adjust stomatal densities with changing atmospheric CO2 concentrations.
Analysis of historic material has provided additional information on the effect of
rising CO2 on past plant populations. Kdmer (1988) sampled high elevation plant species
collected in an area where plant samples were previously analyzed by Lohr (1919) and
Wagner (1892). He found little evidence that rising atmospheric CO2 had substantially
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altered leaf morphology measures. However, the study mixed montane and lowland
floras that grew under different pC02 environments. In addition, the species analyzed
were only loosely related to each other and the study lacked exact replication of previous
sampling design (Woodward 1993). Using a similar approach, Beerling and Kelly (1997)
sampled woodland tree, shrub, and herb species initially analyzed by Salisbury (1927).
Unlike Komer (1988), they found a significant reduction in stomatal density occurring
over the last 70 years. Similar analysis has been conducted on archaeological material by
Beerling and Chaloner (1993a) who obtained Olea europaea leaves from the tomb of
Tutankhamun dated to 1327 B.C. and from Jebel Egypt dated to pre-332 B.C. These
leaves were compared with material collected in 1818, 1978 and 1991. The data suggest
a 50% decrease in stomatal density since industrialization
Plant responses to CO2 enrichment during deglaciation, stomatal density has been
measured in fossil material from bogs (Beerling and Chaloner 1993b, 1994) and packrat
middens (Van de Water et a/. 1994). For example stomatal density of Pimis flexiUs
needles recovered from packrat middens exhibit a 17% reduction as the atmospheric COj
concentration rose from ca. 200 to 280 ppmv (Van de Water et al. 1994). The thick
cuticle of conifer needles precluded calculation of the stomatal index. Salix herbaceae
leaves recovered from bog sediments in the British Isles and Norway also show that
stomatal density tracked changes in atmospheric CO; concentrations during this period,
but stomatal index appears insensitive to these changes (Beerling and Chaloner 1994;
Beerling et al. 1993a). Decreases in stomatal density during deglaciation are argued to
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be a genotypic response (Beerling and Chaloner 1994; Beerling et al. 1993b), as
proposed earlier by Woodward (1986).
The use of stomatal density to reconstruct atmospheric CO2 has been proposed by
Wagner et al. (1999). Betula penduta and B. pubescens leaves from bog deposits in the
Netherlands were analyzed and the stomatal index calculated from 7 fields per leaf and up
to 5 leaves per stratigraphic unit. A total of 16 horizons were studied between 10,07G ±
90 and 9380 ± 80 radiocarbon years B.P. Stomatal index values calculated from modem
bog deposits, field collections, and herbarium material were used to calibrate changes in
stomatal index to historic changes in atmospheric COj. These relationships were then
applied to the Holocene fossils to reconstruct past atmospheric COj values. Initial values
at the beginning of the Holocene are reconstructed at approximately 260 ppmv, rapidly
rising to 327 ppmv and gradually reaching 336 ppmv. A gradual decrease to 301 ppmv
was followed by a sharp rise and leveling around 345 ppmv. The decrease in
atmospheric CO2 has been correlated to the Preboreal Oscillation, beginning at about
11,300 calendar years B.P., that occurs in the

record from the GISP2 ice core

(Grootes et al. 1993; Stuiver et al. 1995).
Fossil leaves have been used to reconstruct atmospheric CO2 concentrations at
other times during the Neogene. Kurschner et al. (1996) and van der Burgh et al. (1993)
used the stomatal density and index of Quercuspetraea leaf imprints recovered from the
Lower Rhine embayment to reconstruct atmospheric COj levels varying between 270
and 370 ppmv. Samples from nine separate stratigraphic levels were analyzed spanning
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the last 10 million years. Limited fossil material resulted in only 30 to 90 counts made on
3 leaves from each of the nine stratigraphic levels. McElwain and Chaloner (1995)
analyzed stomatal density and index from lower Devonian, Carboniferous, and early
Permian leaves. Results support atmospheric CO, values of 10 to 12 times modem levels
for the older period, falling to near modem concentrations during the Carboniferous and
Permian (Bemer 1993). A total of 74 cuticle preparations with 1 to 8 observations per
preparation (McElwain and Chaloner 1995; table 2) are reported in the study. The
variability apparent in modem and herbarium studies suggests that these results should be
viewed with caution.

Dissertation Format
The research presented herein addresses the effect of varying atmospheric CO2
concentrations on 6"C and stomatal density in the fossil record. Established
methodologies have been applied to the analysis and interpretation of modem and fossil
plant material collected from the southwestern United States. Plant species were chosen
to represent not only major floristic elements of current ecosystems, but those that are
common and abundantly represented in the packrat midden record. This research
presents an initial attempt to analyze multiple species from restricted areas, over long
periods of time. The abundance of material also allows comparison of time series from
different places.
The results of the stable isotope research are presented in a series of four papers.
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The analysis of the modem devational transects represents the bulk of the isotopic data.
Nine different species were sampled along two elevational transects, in southeastern Utah
and south-central New Mexico. More than 1500 6'^C values are reported to characterize
intra- and inter-site variability within modern populations. Ecophysiological parameters
are calculated to assess the impact of other environmental &ctors, such as slope and
aspect. The halophytes A. confertifolia and A. canescens were selected to determine the
effectiveness of using shrubs with C4 physiology to reconstruct the

signature of the

atmosphere. Calculation of ecophysiological parameters depend on knowing the 6"C of
past atmospheres; the

has remained an elusive number in carbon cycling studies.

Laboratory analysis of different tissue fractions were explored and systematic differences
among preparation techniques discovered. Factors were calculated for the differences
among pretreatments in each of the plant species to facilitate cross-comparisons between
studies. Finally, the isotopic analysis of more than 800 midden samples is used to
establish physiological parameters for multiple species growing over the last 40,000
radiocarbon years in the southwestern United States.
The results of the stomatal density analysis are presented in a single paper.
Selected species were chosen for analysis from the modem transect collections and
packrat middens. In the modem transect samples, five different species were chosen and
more than 300 individual plants analyzed. Comparisons are made among individuals and
sites along elevational transects and on different slope aspects to assess systematic
changes. Macrofossils were isolated from packrat middens and the cuticles analyzed for
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stomatal density in the needled conifers, and stomatal density and index in the other
species. Changes in stomatal density and index are reported for the same period as the
carbon isotope chronology. Comparisons are made with the ice-core record of changing
atmospheric COj concentrations and differences between species are assessed.

Present Study
Introduction
The methods, results and conclusions of this study are presented in the papers
appended to this dissertation. The following is a summary of the sampling strategy, the
methods used in analysis and the most important findings of this research. The overall aim
of this study was to determine the ecophysiological effects on past plant populations of
changing atmospheric COj since the peak of the last ice age. Plant samples were analyzed
for carbon isotope ratios and stomatal densities. Modem plants were sampled along
environmental gradients to assess systematic changes contributing non-COj effects to
and stomatal density variability. Modem plants were collected in southeastern Utah and
along the eastern edge of the Tularosa Basin, New Mexico. Included in the collections
were representatives of C3, C4 and CAM physiology. Samples of the C4 plant Atriplex
spp. served a dual purpose: determine physiological changes with elevation and evaluate
their use as a proxy for

In addition, herbarium samples, collected over the last

125 years, enables historical time series

comparisons. The abundance of plant

macrofossils contained within packrat midden material allowed analysis of leaves fi'om
several species dated to the last 40,000 calendar years B.P. The fossil collections were
sampled from four distinct geographic areas. These include the southeastern Colorado
Plateau (sites in SE Utah and NW New Mexico), the middle Rio Grande Basin (Sevilleta
LTER), Tularosa Basin to Hueco Bolson (south-central New Mexico, far west Texas),
and the Big Bend region (west Texas). Species were selected to represent each of the
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major carbon acquisition pathways (C3, C4 and CAM). In total more than 3,000 carbon
isotopic analysis were performed and stomatal characteristics were recorded on more than
2500 individual plant fragments.

Sampling Strategy
Samples were collected from modem plant transects, herbarium collections and
processed packrat midden material (Table 2.1). Sampling methods for the modem plant
collections were designed to sample plants along environmental gradients; study sites were
located at set elevational intervals on north- and south-facing slopes. Herbarium samples
of Atriplex canescens and A. confertifolia were collected to determine historic changes in
values. Samples were obtained from herbaria throughout the U.S. from plants
collected over the last 125 years in northern Arizona and northwestem New Mexico.
Each of these approaches was ultimately designed to characterize variability in modem
and historic communities and generate carbon isotopic values for the atmosphere needed
to back calculate past ecophysiological responses. The response of past plant
communities to changing atomospheric conditions was determined using plant
macrofossils separated from pre-processed packrat midden material.

Modem Transects
Collection sites were located on north- and south-facing slopes at 152 m
elevational intervals except in bottomland where exposure was not a factor. Collections
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Table 2.1. Plant species collected, studied and the analysis performed. Modem
collections are listed as (modem), herbarium collections (historic), and midden samples as
(fossil).
Genus species
Amelanchier uiahensis
Atriplex canescens
Atriplex confertifolia
Cercocarpus montanus
Cawania mexicana
Ephedra aspera
Ephedra torreyana
Ephedra viridis
Juniperus ashei
Juniperus coahuilensis
Juniperus deppearut
Juniperus monosperma
Juniperus osteosperma
Juniperus pinchotii
Opuntia spp.
Pinus edulis
Pirtus flexilis
Pinus remota
Yucca elata
Yucca glauca
Yucca baccata

6''C
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

Stomatal
Density
X

X
X

Modem
X
X
X
X
X
X
X
X
X
X
X

X
X

X
X
X

X
X
X

X
X
X

Historic Fossil

XX
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

were made during the early summer of 199S in southeastem Utah and late summer 1995 in
New Mexico. Along the Utah transect, vegetation is typical of the Colorado Plateau with
desertscrub at the lowest elevations giving way to pifion-juniper woodland and ponderosa
pine-gambel oak communities at the highest elevations (Betancourt 1984). A similar
gradient was selected on the western escarpment of the Sacramento Mountains in southcentral New Mexico. Branches, leaves (Yucca sp.) and pads (Opuntia sp.) of the selected
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New Mexico Elevational Gradient
Species
Elevation (m)
1220
1525
Amelanchier utahensis
Atriplex canescens
Cercocarpus montanus
Ephedra viridis
Juniperus coahuilensis
Juniperus deppeana
Juniperus monosperma
Juniperus scopulorum
Opuntia sp.
Pinus edulis
Yucca baccata
Yucca elata

o

90

Table 2.2. Plants collected along the elevational gradients in southeastern Utah and
south-central New Mexico. N = north-facing slope, S = south-facing slope, N = both
north and south-facing slopes and F = Flat area.
Utah Elevational Gradient
Species
Elevation (m)
1220
2135
2745
2440
1?2?
Amelanchier utahensis
N
N N B B B B B B B F
Atriplex canescens
N
S
Atriplex confertifolia
S
N N N
Cercocarpus montcams
B B B B B B F
Cowania mexicana
N H H B
N
S
S
Ephedra viridis
S B H B B B B B
Juniperus monosperma
F
Juniperus osteosperma
N S N B B B B B B N
Juniperus scopulorum
N
Opuntia spp.
N
N B N B S
S
B B
Pinus edulis
N B B B B B B B F
Yucca baccata
N B
S
S
S
Yucca glauca
S
N
N B B B B N

1830

2135

2440

2745

S
F

F

B

B
B B
N B
S

N
B
S

N

B

B

B

B

B

B
B

B
B

B
S

F
F

F

B
B
N

N
N
B
N

B
B
B

B
B
B

N
B
B

B
B
B

S

species were cut from each plant at positions corresponding to the four cardinal directions
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(Table 2.2). These cuttings were pooled into a single paper sample bag. In selected cases,
individual branches were labeled as to the cardinal direction on the plant. The sample bag
was labeled with the site number, date, collector, species and elevation, then packed and
shipped back to the laboratory for analysis.
The Utah gradient spans 1S2S m, from the lowest sites at 1220 m in Blue Notch
Canyon, near the Colorado River, (37*44'52"N, 110*23'24"W; San Juan County, UT) to
Bear's Ears at 2745 m (37°37'31" N, 109*52'29"W; San Juan County, UT). The Utah
transect is in the Colorado Plateau physiographical province. The area is underlain by
sandstones, siltstones, and shales that have eroded to form a landscape of plateaus
dissected by deep and intricate canyons. The exposed sandstone rimrock consists of
Permian Cedar Mesa Sandstone and Organ-Rock Tongue of the Cutler Formation,
Triassic Chinle Formation, and the Jurassic Wingate Formation (Stokes 1986, Hintze
1988).
The New Mexico gradient spans 167S m of elevation, from the desert flats near
Alamogordo at 1220 m (33° 9*N, 105° IW; Otero County, N'M) to Cloudcroft at 2895 m
(32°48'56"N, 105°47'28"W; Otero County, NM). The Sacramento Mountains of New
Mexico are a north-to-south trending, faulted Paleozoic reef complex that defines the
eastern edge of the Tularosa Basin. The underlying geology is composed of limestone
from the Pennsylvanian Holder, Beeman and Gobbler Formations and Permian limestones
from the San Andres Formation, Yeso Formation, Hondo member of the San Andres and
Abo Formations. The low elevation sites are composed of Quaternary alluvium shed from
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the mountain front (Pray 1961).
Average climatic conditions, mean monthly maximum and minimum temperatures
and precipitation, in Blufi^ Utah, (1315 m; period of record 1928 to 1998) are 21.3 C°,
3.7 C°and 199 mm, respectively. Nearby Natural Bridges National Monument, 670 m
higher (1980 m; 1965 to 1998), experiences mean monthly climate conditions of 17.5 C,
3.1 C°, and 320 mm precipitation (Figure 2.1). Cold season (Oct. thru Mar.) precipitation
is primarily from northwestern cyclonic storm generated in the Aleutian Low pressure
zone of the north Pacific. These storms are carried inland by the westerly winds of the
polar jet stream. During the warm season (Apr. thru Sep.), airflow around the western
edge of the Bermuda High and thermally-induced low pressure over the southwestern
United States leads to incursions of moist air from the Gulf of Mexico and California.
Widespread summer thunderstorm activity is common at Bluff and Natural Bridges
National Monument which receive 44% and 49% of their precipitation between April and
September, respectively. In New Mexico, mean monthly maximum and minimum
temperatures for Alamogordo (1325 m; 1914 to 1998) and Cloudcroft (2690 m; 1914 to
1987) range from 24.7 C to 8.2 C, and 14.3"C to 0.4°C, respectively. Annual
precipitation varies from 290 mm in Alamogordo to 673 mm in Cloudcroft; at both
locations 64% of the precipitation occurs during the warm season (Apr. thru Sep.) (Figure
2.1). Cold season precipitation is from the same north Pacific storms. Sununer
precipitation is intensified, compared to the Four Comers area, because of closer
proximity to the Gulf of Mexico (Figure 2.1).
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Monthly Mean Climatic Factors
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Figure 2.1. Monthly mean maximum and minimum temperatures (°C) and precipitation
(mm) for sites nearby the modem plant transects. Location information and the period
of each record is contained in Table 2.3 and 2.4
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Table 2.3. Stations used to calculate the temperature and precipitation climatic gradient in
Utah. Data were compiled by the Western Region Climate Data Center
Elevation (m)

Station
Aneth Plant
Blanding
Bluff
Canyonlands, the Neck
Canyonlands, The Needle
Capitol Reef Nat. Park
Castle Dale
Cedar Point
Dewey
Perron
Green River
Hanksville
Hovenweep Nat. Mon.
Mexican Hat
Moab
Monticello
Monument Valley Mission
Natural Bridges Nat. Mon.

1410
1840
1315
1800
1S40
1680
1710
2060
1260
1810
1240
1360
1600
1290
1220
2150
1590
1980

Latitude

Longitude

37.13
37.37
37.17
38.27
38.09
38.17
39.13
37.43
38.48
39.05
39.00
38.25
37.23
37.09
38.35
37.52
37.01
37.37

109.11
109.28
109.33
109.50
109.45
111.16
111.01
109.05
109.18
111.08
110.09
110.42
109.04
109.52
109.33
109.20
110.12
109.59

Period of
Record
1959- 1998
1904- 1998
1928- 1998
1965 - 1998
1965- 1998
1967- 1998
1928- 1998
1957- 1998
1967- 1998
1948- 1998
1893 - 1998
1948- 1998
1957- 1998
1948- 1998
1890- 1998
1948- 1998
1961 - 1989
1965- 1998

Temperature and precipitation gradients with elevation were calculated for each of
the transect areas. In southeast Utah (Table 2.3), the mean monthly maximum and
minimum temperature gradient is -0.72/100 m and -0.28*'C/100 m, respectively, with a
mean value of-O.SO'C/IOO m. Mean annual precipitation gradient is 19mm/l00 m
(Figure 2.2). Valley-bottom stations often register abnormally-low minimum temperatures
associated with cold air drainage at nighttime (Figure 2.2). The sites in this analysis are
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Figure 2.2. Climatic gradients calculated for the modem plant transect area using the
mean monthly values of maximum and minimum temperature and precipitation. The
regressions are based on 18 weather stations and records that span up to 108 years in
Moab UT, to just 31 years at Capitol Reef National Park. Station locations and the
period of each stations record appear in Table 2.2.
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restricted to below 2150 m and represent conditions within the dissected topography of
the canyon country. Above the canyon lands, gradients become steeper in mountainous
terrain. For example, a gradient of-O.SQ'C/IOO m is reported from the nearby San Juan
Mountains in southwestern Colorado (Barry and Bradley 1976). Environmental gradients
in New Mexico were calculated using 14 weather stations at elevations from 1220 m to
2690 m (Table 2.4). Maximum and minimum temperature gradients are -0.78°C/100 m
and -0.55 "C/lOO m, respectively, with a mean value of-0.66°C/100 m (Figure 2.3).
Gradients become steeper during the warm months (Figure 2.3), which is consistent with
steeper gradients reported by Mueller (1991). The annual precipitation gradient is
33nim/100 m, a value almost double that in southeastern Utah (Figure 2.2, 2.3).

Modem Transect Sample Collection
Modem vegetation was sampled along elevational transects to determine
systematic changes occurring with elevation and slope aspect. Each sample consists of
equal numbers of plant parts taken from the four cardinal directions to ensure equal
representation of intra-plant isotopic variability (Leavitt and Long 1983). In addition,
samples were collected from the tips of branches to ensure full irradiance. In special cases
individual branches were collected at the four compass points on the plant, to determine
intra-plant variability. Plant sample may consist of tissue Oeaves, needles, spines) that
formed during different growth years. For example, Pinus edulis can contain more than 8
yearly cohorts of needles but deciduous angiosperms have only a single year's
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Table 2.4. Stations used to calculate the New Mexico climatic gradient. Data were
compiled from the Western Region Climate Date Center flittp://www.wrcc.dri.eduy
Station
Alamogordo
Capitan
Carrizozo
Cloudcroft
Elk
Fort Stanton
Mayhill Ranger Station
Mescalero
Mountain Park
Orogrande
Ruidoso
Tinnie
Tularosa
White Sands Natl. Mon.

Elevation (m) Latitude
1325
1940
1650
2690
1740
1900
2000
2000
2050
1270
2080
1540
1350
1220

32.54
33.33
33.39
32.58
32.56
33.30
32.55
33.10
32.57
32.22
33.22
33.21
33.04
32.47

Longitude
105.58
105.34
105.53
105.45
105.17
105.31
105.28
105.47
105.50
106.05
105.40
105.08
106.02
106.10

Period of
Record
1914- 1997
1914- 1998
1914-• 1998
1914- 1987
1895- 1998
1914- 1974
1917- 1976
1914-• 1978
1914- 1998
1914-. 1998
1942-- 1998
1951 -• 1978
1914-- 1998
1939- 1998

complement of leaves. Field sampling occurred in Utah during the early summer of 1995
when the P. edulis needles were not fully extended. Throughout this study the P. edulis
samples were isolated from the 1994 cohort on each branch, but samples of the deciduous
angiosperm A. utahensis and C. montanus consist of 1995 leaves. The leaves of C
mexicana, A. ccmescens and A. confertifoUa are evergreen, and the samples incorporate
tissue formed during an unknown period. Among the other species, Juniperus spp. are
characterized by leaf scales that have indistinguishable increments of yearly growth. Each
sample consists of approximately 1-2 cm of branch tips. Ephedra samples consist of stem
segments representing several growth cycles, randomly selected from each branch. Yucca
grows in whorls with the youngest leaves toward the center, but samples were taken from

67

the outer edge of the plant, so the absolute age of the leaf is uncertain. Finally, Opuntia
spines were removed from the collected cactus pads and like the Yucca are of an unknown
age.

Herbarium Sample Collection
Samples of C4 tissue from herbarium collections have been used to reconstruct
concentrations during the past 200 years of industrialization (Marino and McElroy
1991; Toolin and Eastoe 1993). To assess natural variability in historic populations of the
C4 Atriplex spp., leaves oiAtriplex canescens and A. confertifolia, two C4 plants common
in older packrat middens, were collected from herbaria throughout the western United
States. Collections were limited to the area encompassing northern Arizona and
northwestern New Mexico Oatitude 32*30'30"N to 37*30'30"N; longitude lOT'O'CW to
114°0'0"W; elevation 600 to 3400 m). Three samples per decade were sought from
collections spanning the last century (Table 2.S). Five to ten leaves were randomly chosen
from each herbarium sheet for analysis. Information concerning each of the collection
sites was recorded from the notes occurring on individual herbarium sheets (Pedicino
1997).

Packrat Middens
Packrat middens have been used for almost 40 years to reconstruct changing
environmental conditions since the last ice age throughout the arid regions of North
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New Mexico Climate Gradients
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Figure 2.3. Climatic gradients calculated for the modem plant transect area using the
mean monthly values of maximum and minimum temperature and precipitation. The
regressions are based on 14 weather stations and records that span up to 103 years in
Elk NM, to 56 years at Riudoso MM. Station locations and the period of each stations
record appear in Table 2.4.

69

America (Betancourt et al. 1990). Midden analysis has been standardized since the early
studies and today the discipline is a powerfiil tool for paleoenvironmental reconstructions
(Betancourt et al. 1990). The material for these studies was primarily provided from
research conducted under the auspices of J. L. Betancourt, U.S. Geological Survey, and
T. R. Van Devender, Arizona-Sonora Desert Museum in Tucson.
The packrat midden record documents regional shifts in vegetation since the
glacial maximum (Betancourt et al. 1990). Overall, vegetation retreated to lower
elevations and southern latitudes during the last ice age. In southeastern Utah, current
pinon-juniper woodlands were displaced by more mesic species consisting of Pinus
Jlexilis, Pseudotsuga menziesii, Juniperus scopulorum, Artemisia sp. and Atriplex
canescem (Betancourt et al. 1990). In the Grand Canyon region, lower elevations
supported Juniperus osteosperma and Atriplex confertifolia grading into mixed-conifer
communities with Pinus flexilis, Abies sp. and Pseudotsuga sp. at elevations currently
supporting pifion-juniper woodland (Cole 1990). Plant distributions were depressed by
600 to 1000 m (Thompson et al. 1993). Subalpine and montane conifers continued to
dominate through the late-glacial and into the early Holocene. The timing of species
departures and arrivals depended on position on the landscape. For example, in
southeastern Utah montane conifers largely disappeared by 10,400 and 9,S00 radiocarbon
years B.P. However, mesophytic species persisted within alcoves surrounded by a more
xeric open woodland (Mead et al. 1987; Betancourt 1990).

Table 2.5. Year of collection, locality and elevation of herbarium samples used in this
study
Collection Latitude Longitude Elevation
Long. Elevatio
Collection Lat.
(West) (meters)
(Year) (North)
(West)
(North)
(meters
Year
Atriplex canescens
1884
1895
1928
1928
1934
1934
1934
1935
1936
1938
1941
1941
1942
1950
1959
1960
1961
1961
1963
1966
1967
1969
1970
1971
1973
1973
1974
1976
1977
1980
1984
1994

35.22
36.80
35.17
36.09
35.91
35.77

36.80
35.77
34.78
35.16
35.03
35.80
34.77
34.82
35.24
35.33
35.71
35.48
36.71
36.90
36.17
35.00
36.14
36.17
35.57
35.16
35.53
35.72
37.05
36.02
34.55
35.99

111.48 .
108.00
111.51
112.12
110.51
108.82
111.03
108.82
110.04
111.28
109.70
110.53
112.03
111.83
110.96
109.07
109.55
111.36
111.83
111.45
111.33
110.67
109.40
109.42
110.06
111.46
111.36
109.55
107.92
107.71
109.05
112.52

2015
1798
1860
1240
1798
1953
1860
1984
1643
1829
1674
1736
1036
1372
1550
1922
1984
1581
1524
1333
1433
1488
2015
1860
1922
1922
1674
1940
1922
1990
1750
1649

110.67
109.80
109.75
111.52
110.96

1488
1550
1676
1643
1550

Atriplex confertifolia
1884
1928
1928
1932
1934

35.00
35.09
35.05
35.66
35.24

1935
1935
1936
1937
1937
1938
1939
1940
1941
1945
1947
1948
1950
1952
1953
1954
1960
1960
1961
1964
1966
1967
1970
1971
1972
1973
1974
1975
1976
1978
1978
1979
1980
1984
1986
1988
1992

35.88
35.71
34.99
36.77
36.87
36.17
36.13
35.71
35.87
36.08
36.11
36.13
35.74
36.91
36.72
36.75
36.75
35.06
36.13
36.13
35.78
36.65
36.15
36.13
36.70
34.72
36.70
36.14
36.25
36.80
36.23
35.04
34.81
34.81
36.45
35.04
35.99

111.49
111.49
110.33
109.53
112.32
111.46
111.23
111.49
111.42
111.39
111.22
111.23
111.47
112.59
110.27
108.77
108.49
110.92
111.29
111.39
111.45
110.44
109.54
109.52
108.00
109.78
108.00
111.38
107.57
111.71
108.20
110.34
109.87
109.87
109.30
110.66
113.64

1457
1566
1550
1767
1767
1581
1488
1395
1302
1333
1364
1550
1581
1488
1705
1640
1650
1581
1550
1395
1457
1984
1736
1717
1674
1767
1674
1395
2120
1333
1830
1550
1697
1606
1922
1500
1643
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In south-central New Mexico and west Texas, similar vegetation shifts occurred
during the full glacial, but they involved different species. During the late Pleistocene,
pifion-juniper-oak woodland dominated lower elevation sites between 600 and 1675 m
that today are characterized by Chihuahuan Desert scrub (Van Devender 1990).
Woodland species were more heterogeneous with dominance by Firms edulis in the
northernmost sites and P. remota dominant to the south (Lanner and Van Devender 1981;
Betancourt et aL, ms. submitted). In addition, several juniper species grew throughout
the area including 7. osteosperma, J. scopulorum, J. monosperma and J. coahuilensis.
Paleoecologists have traditionally assumed that deeper soils supported sagebrush steppe at
lower elevations. However recent work finds only marginal support for this interpretation
(Betancourt et aL, ms. submitted) and indirect evidence suggests an abundance of €«
grasslands at the southern localities. Soil carbonates ( Buck 1996; Cole and Monger
1994; Monger et al. 1998) and the tooth enamel from Pleistocene mega-fauna (Connin et
al. 1998) reflect more positive 5"C values consistent with C4 vegetation along the middle
Rio Grande Basin, Tularosa Basin and Hueco Basin. However contradictory evidence
was found at Lubbock Lake where bison bone collagen reflects primarily C3 vegetation
during the full glacial (Stafford et al. 1994).
In southern New Mexico and west Texas, full glacial climates are interpreted to
have experienced cooler summers and greater cool-season precipitation. Climate models
suggest that the Laurentide ice sheet split the jet stream, forcing the southern branch to
lower latitudes along the southern edge of the Rocky Mountains (Bartlein et al. 1998;
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Thompson et al. 1993). However, the role of the subtropical jet and the influence of the
tropical Pacific is currently unclear. The presence of large pluvial lakes occupying basins
throughout the area (Hawley 1993) point to changes in the hydrological cycle
accompanying these climatic shifts. Both fossil plant and vertdjrate evidence suggest that
these lakes filled under equable climates with mild winters and cool summers (Van
Devender 1990). During the transition into the eariy Holocene, the storm track moved
northward resulting in increased aridity beginning to the south and moving northward.
The timing of species departures and arrivals at each site depended upon geomorphic
heterogeneity controlling the local environment.
Changing climatic conditions control floral and faunal distributions. However,
climate is one factor that can be held nearly constant when analyzing samples along
latitudinal and elevational gradients through time. For example, in the original work on
Pinus flexilis, climate was held approximately constant by comparing glacial-aged P.
flexilis needles fi'om southeastern Utah with Holocene material from the northeastern
Great Basin (Van de Water et al. 1994). Using a typical temperature gradient, changes
with latitude (-0.75'C/degree lat.) and elevation ( -0.65°C/100 m) indicate a
temperature difference of --6.4°C, comparable to the 6 to 8°C depression in full glacial
summers (Betancourt et al. 1990). By comparing glacial-age plant fossils fi'om
southeastern Utah with Holocene macrofossils firom southern Idaho, climatic conditions
were held constant and the direct effects of changing atmospheric COj can be evaluated.
A similar approach was used in the present study. Holocene samples were
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collected from middens in the Four-Comers area and central New Mexico. Older
Pleistocene samples were collected along the eastern edge of the Tularosa Basin south
into west Texas and the Big Bend region of south west Texas. Full glacial climate has
been interpreted as equable during the last ice age (Thompson et al. 1993; Van Devender
1990; Van Devender and Spaulding 1979). However, there currently are no good
estimates of the absolute value of temperatures change for the region, but by moving
latitudinally through time the average climatic conditions are kept nearly constant allowing
the assessment of changing atmospheric gas concentrations.

Packrat Midden Sample Collection
Processed packrat midden material was acquired from the original researchers and
consists of individual macrofossils in loose midden material (Table 2.6). The material was
screened to remove the finest fraction and larger plant fragments were sorted by species
then pooled for analysis. Samples were randomly chosen from the matrix to preclude the
biasing of samples. Identification of each species follows routine techniques (Betancourt
et al. 1990). Additional sources of information were consulted where species
identification was problematic or additional identifying features became apparent during
analysis. For example, Pinus edulis and Pinus remota from the southwestern Texas
middens were differentiated using distinctive morphological characteristics reported by
Lanner and Van Devender (1974, 1981). The junipers were of special concern because of
recent taxonomic changes reorganizing the species (Adams 1994). Each of the
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macrofossil samples was inspected by Kate Rylander, U.S. Geological Survey, to confirm
their identity (Appendix G). Species identification of Yucca and Ephedra cuticles relied
on published determinations by the original researchers (Appendix H). Finally, the small
Opuntia sp. spines used in this study are difficult to identify, thus samples were pooled for
each midden and represent an unknown number of species and/or individuals.
Ages of packrat midden samples were assessed by radiocarbon ('*C). The dates
were provided by the original researchers and are on a variety of materials (Appendix H).
Occasionally, multiple dates were used to test the accuracy of the initial date or establish
contemporaneity of macrofossils with an individual midden (Van Devender et al. 1987).
In this work, if multiple dates were available and fell within three standard deviations of
each other, the dates were averaged. If the radiocarbon dates firom an individual midden
were disparate, a judgement was made based upon the material analyzed. For example, a
radiocarbon date on associated fecal pellets would be chosen over an odd plant fi'agment
dated to assure species contemporaneity in the assemblage. In actuality, plant fragments
can become mixed within middens, and the age of a particular midden may differ from the
age of individual and pooled macrofossil samples (Van Devender e/a/. 1985). It is
assumed for this study that the period of deposition represented in each midden is less than
the standard deviation of the associated radiocarbon date. This assumption is also tenuous
(see Pendall et al. 1999). Ice core records of atmospheric gas concentrations are reported
in calendar years (cal years B.P.), so all '*C dates were converted to calendar years.
Radiocarbon dates less than 18,000 radiocarbon years B.P. were converted using the
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"Calibrate" computer program (Stuiver and Reimer 1993). Older dates were converted
using the relationships established by Bard et al. (1990) and Zahn et al. (1991).
Methods
Sample Analysis
Analysis of the modem, herbarium, and midden material employed two techniques;
1) determination of the "C/*% ratio of samples, and 2) cuticle analysis to measure the
number of stomata (stomatal density and index) occurring on the leaves of select taxa.
Throughout, standardized procedures were used or new protocols developed where none
existed.

Isotopic Analysis
Plant tissue is composed of lignin (18 to 35%) and carbohydrate (65 to 75%) with
the overall elemental composition being about 50% carbon, 44% oxygen and 6%
hydrogen (Pettersen 1984). The composition of the tissue can vary, but it is the ratio of
stable carbon isotopes entrained within the structure of the plant tissue that is of interest.
Initially, samples were ground in a Wiley* mill until the material passed through a 20-mesh
screen. The ground material was pouched using commercially available filter material, and
heat-sealed to resemble a tea bag. The least-processed fraction was composed of whole
tissue, prepared by boiling the ground polysaccharide (Pettersen 1984). Holocellulose
was extracted by placing the pouches with the ground material in a soxhlet to remove
waxes and oils using an ethanol/toluene and ethanol wash.
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Table 2.6. Midden sequences used in this study. References associated with each set of
md^n^regorrriiefinding^rfth|^ori|gna^ojjectionnijdden|^iial^sjs^__^^^_^^^
Southeastern Colorado Plateau
Utah
Midden Sites; Allen Canyon, Cave Cottonwood Canyon, Falling Arch,
Fishmouth Cave Long Canyon, The Loop, Whisker's
Draw
References;
Betancourt 1981, 1984, 1990; Soreng and Van Devender
1989; Van Devender 1986c; Van Devender et al. 1987
New Mexico
Midden Sites; Atlatl Cave, Casa Chiquita, Chacra Mesa, Cly's Canyon,
Fajada Wash, Gallo Wash, Indian Ruins, Mockingbird
Canyon, Sheep Camp Canyon, Werito's Rincon
References;
Betancourt 1990; Betancourt and Van Devender 1981;
Betancourt et al. 1983; Van Devender 1986c; Van
Devender et al.1987
Middle Rio Grande Basin
Midden Sites; Arroyo de las Tinajas, Sierra de los Piflos
References;
Betancourt (Manuscript in Preparation)
Tularosa Basin and Hueco Bobon
New Mexico
Midden Sites; Big Boy Canyon, Bishop's Cap, Dog Canyon, Fra
Cristobal, Isleta, Last Chance Canyon, Marble Canyon,
Rhodes Canyon, Rocky Arroyo, San Andres Canyon.
Shelter Cave, Tip Top.
References;
Elias 1987; Elias and Van Devender 1992; Lanner and
Van Devender 1981 Thompson etal. 1980; Van
Devender 1980,1986c, 1990; Van Devender and Everitt
1977; Van Devender and Toolin 1983; Van Devender et
al. 1984, 1987.
West Texas
Midden Sites; Bennett Ranch; Hueco Mountains; Hueco Tanks; Navar
Ranch; Quitnuui Mountains; Shafter, Streeruwitz Hills;
Tank Trap Wash
Elias and Van Devender 1992; Lanner and Van Devender
References;
1981; Van Devender 1986a, 1986b, 1986c, 1990; Van
Devender e/a/. 1977, 1978, 1985, 1987; Van Devender
and Riskind 1979; Van Devender and Spaulding 1979;
Van Devender and Wiseman 1977
Table 2.6 continued
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Big Bend Region
Midden Sites;
References:

Baby Vulture Den; Ernst Tin^a; Maravillas Canyon;
Santa Elena Canyon; Terlingua; Tunnel View.
Elias and Van D^ender 1990; Lanner and Van Devender
1981 Van Devender 1986a, 1986b, 1986c; Van Devender
et al. 198S; Van Devender and Spaulding 1979

material in hot water for two hours to remove waxes, carbohydrates, and other complex
polysaccharides (Pettersen 1984). Holocellulose was extracted by placing the pouches
with the ground material in a soxhlet to remove waxes and oils using an ethanol/toluene
and ethanol wash. The samples were then bleached with acidified Na-chlorite to remove
the lignin (Green 1963; Leavitt and Danzer 1993; Sheu and Chiu 1995). To remove Caoxalate from the tissue a procedure was developed following Baker (1952). Holocellulose

Isotope Standards
C3 Alaskan White Spruce
-23

C4 Sucrose
-10.5 -r

U -11.0
•Jb
Mean = -23.89 ±0.18

-11.5

Mean = -11.028 + 0.21

Figure 2.4. Carbon isotope values for the standards run during this research. Each set
of 10 samples had a single standard that went through the same processing cycle. If the
set of samples was primarily C3 plants then the Alaskan white spruce was used and vice
versa for the C4 sucrose. Error bars are machine .
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samples were washed in 10% HCl for at least 24 hours with two to three changes of the
acid solution, a-cellulose is derived from holocellulose by removing the residual
hemlcellulose by treating the samples with a strong base, NaOH, followed by glacial acetic
acid (Pettersen 1984). The resulting a-cellulose contains three labile hydroxyl groups
that must be replaced prior to meaningful hydrogen isotope analysis (Robertson et al.
1996). Processing to nitrocellulose uses fuming nitric acid and acetic acid to nitrate the acellulose (Epstein et al. 1976; Sternberg 1989). After processing, samples were washed
until neutral with deionized water, then dried before loading into tubes for combustion and
analysis.
The dried samples were removed from their pouches and up to 3 mg weighed for
combustion to COj and H2O. The samples were placed within Vycor* tubes with copper
oxide that acts as an excess oxygen source during combustion. Sample tubes were
evacuated and torch sealed, then burned at 900°C and 650°C for successive two-hour
periods. During the preparation of nitro-cellulose samples, silver foil was added to the
tubes along with the copper oxide to remove residual NO, generated during combustion.
Once sealed, these samples were combusted for four hours at 800°C (Northfelt 1981).
All tubes were cracked in vacuo and the CO2 cryogenically isolated, then measured on a
Finnigan MAT Delta-S* mass spectrometer. The

results are reported with respect to

the internationally-accepted PDB standard (Craig 19S7).
Each batch of 10 samples was accompanied by a standard consisting of either white
spruce cellulose, a C3 signature, or sucrose with a C4 signature. During the project, the
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standard C, value was determined to be -23.083 ± 0.02 (n = 164) and the standard €« was
-11.04 ^ 0.03 (n = lOS) (Figure 2.4). Modem samples from the elevation transects had a
10% re-analysis for quality control. In these cases, the first and second runs were highly
correlated. Correlations between the two runs were r^ > 0.8S with 8 of the 10 genera
sampled having values greater than 0.90. The overall laboratory error associated with the
analysis is estimated to be ~0.2%o.

Stomatal Measurements
Samples selected for isotope analysis provided a rich pool of material for stomatal
frequency characterization (stomatal density and index). Analysis of the morphological
characteristics used two approaches; 1) processing of leaf tissue to isolate the cuticle that
exhibits the stomatal and cell walls of the epidermis allowing the calculation of stomatal
density and index, and 2) analysis of intact macrofossil surfaces to determine the number
of stomata occurring within a given area, the stomatal density. Different species lend
themselves to different types of analysis. In this study stomatal density and stomatal index
were calculated for Ephedra sp. and Yucca sp. samples, whereas only stomatal density
was calculated for P. edulis.
Ephedra spp. are gymnosperms related to the other conifers. Stomata are situated
on the stem surface in rows that run parallel to the long axis and completely encircle each
twig. The modem plant samples were selected from 10 randomly chosen twigs that
correspond to annual growth segments. In the Yucca spp., stomata are scattered
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randomly across the leaf surftce. Samples were taken from the tip portion of each leaf at
each of the four cardinal directions. The material consists of ca. S cm of tissue sampled
from 5 cm below the tip. The sampling strategy in modem nruterial was driven by the
abundance of leaf tips occurring in middens. In both sample types the cuticles were
isolated by oxidizing underlying mesophyll tissue. The material was first soaked in water
for 24 to 48 hours before being transferred to a weak chlorine bleach solution where the
mesophyll was oxidized and separated from the cuticles. The samples were trimmed to
provide ready access of the solution into the leaf interior. Oxidation of the underlying
mesophyll tissue resulted in the isolation of each leaf cuticle. Residual tissue fragments
were loosened and removed using a fine paintbrush. Cuticles were then washed in distilled
water to remove any residual bleach solution, and dried in 9S% ethanol. Safranin stain
was added to the alcohol and the cuticles were mounted in glycerin jelly on microscope
slides for analysis.
Stomatal index in the Ephedra sp. and Yucca sp. samples was calculated using
images of the sample surfaces. Adjustments to the measurements were not needed
because the tissue lies flat on the microscope slide. The cuticles were examined
microscopically at 400x on a Nikon* reflected light microscope. The microscope was
outfitted with an image analysis system. Scan-array* that outputs surface images to a
printer. Stomata and epidermal cells were identified and counted in an area, standardized
to SOO x 72S ^m or 0.36 mm^. In the modem material, two images were taken for each of
the 10 samples, for a total of 20 images per plant. Two images were taken on each
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midden macrofossil. The number of individuals varied within each sample because of
availability within the original midden matrix. Cells occurring at the edge of the image
were included in each count. Once measured, stomatal index was calculated as the ratio
of the number of stomata per unit area divided by the number of the stomata plus the
number of epidermal cells {Eq. 9). Stomatal density was also calculated as the number of
stomata occurring within the imaged area for comparison (Eq. 10).
In the piflon pines, P edulis and P. remota, the stomata are self-organized into
rows confined to the trough on the abaxial surface. In addition, cuticles are thick,
precluding observation of epidermal cell walls. Therefore, analysis was limited to the
calculation of stomatal density. Samples were cleaned prior to analysis to remove
epicuticular waxes that often occlude the stomata (Yoshie and Sakie 198S). Cleaning
consisted of washing each needle with chloroform using a sonic cleaner for 2-3 minutes
then allowing the sample to air dry. Examination of the surfaces revealed little wax
materia] left after processing. Stomatal density was measured in the central portion of each
needle, an area that exhibits the least stomatal density variability among individual
specimens (Zelawski and Gowin 1967).
Measurement of modem and midden samples of Pinus edulis and P. remota were
made at 400x using the Scan-array* image analysis program. The pifion pines have 2needles in each fascicle so a single needle represents approximately one-half of a cylinder.
However, the interior surface is not flat but approximates an oval trough running the
length of the needle. Stomatal rows are restricted to the interior of this trough on the

adaxial surface. Measurements were made using the video monitor and include the
number of stomata present, the width of the needle and the depth of the trough. The
surface area used in the calculation for stomatal density is the length of the needle in the
field of view (~1500 ^m) multiplied by the cross section of the trough. The center trough
approximates an ellipse so the width measurement was converted into one-half of the
perimeter of an ellipse using the formula;
;r • f 1.5 •(D + (»F/2)- MD*{W 12)) 1
W. = True Width =
'
^ ^ ^ ^

{eq. 11)

Where W, is the true width, W is the measured width, and D is the depth of the trough.
The depth measurement was calculated using the micrometer scale on the focus knob.
The distance between the edge of the needle and the deepest focal point in the trough was
determined by focusing at each level and recording the distance that the microscope stage
moved. The orientation of the needle, evenly centered beneath the ocular, was determined
by insuring that both edges were in focus at the beginning of each measurement. The
stomatal density was calculated by dividing the number of stomata by the calculated
surface area. Values are reported as stomata mm'^

Results
Here, I present the results of five areas of study undertaken during the course of
this dissertation. They are presented as a brief synopsis of the major findings. The fiill
text of each study can be found in appendbc A, B, C, D and E. The series of studies
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presented in this dissertation focused on reconstructing ecophysiological changes with the
30% shift in atmospheric CO2 since the last full glacial, approximately 18,000 years B.P.
The abundance of macrofossils, from an existing archive of packrat middens, provided a
rich pool of ancient material to analyze for two purposes; 1) characterization of material
for changes in the carbon isotope ratio of leaf tissue, and 2) analysis of leaf surfaces to
determine changes in stomatal density and index. Extensive studies were undertaken
along modem climatic and vegetation gradients to determine systematic changes occurring
with elevation and slope aspect. These investigations provided a basis to correct the
midden data for variability forced by mechanisms other than direct CO2.
Carbon isotope analysis uses standardized processing protocols. However,
numerous tissue components are available for analysis. &"C measurements were made on
portions of plant tissue from Juniperus osteosperma (Q gymnosperm), Cawania
mexicana (C3 angiosperm), Atriplex canescens (C4 angiosperm) and Opuntia spp. (CAM
angiosperm) to test the effect of different plant leaf tissue compounds on the resulting
isotopic value. Two sites were sampled for each species and consist of five plants per site.
The preparation techniques used whole plant tissue, holocellulose, holocellulose with
calcium oxalate crystals removed, a-cellulose and nitrocellulose. 6"C values differed
among species according to their physiological carbon fixation pathway. For example, the
C3 gymnosperm and angiosperm trend toward heavier 6"C values with increased
processing, whereas in the CAM plant Opuntia spp. the 6"C values became lighter. 6'^C
values of Atriplex canescens, a C4 angiosperm, showed the greatest variability and
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inconsistent trends between preparation treatments.
Throughout the analysis, variability within each sample preparation remained
constant suggesting that the range of isotopic values of individual plants is controlled
during carbon fixation. This occurs even though the pretreatment processes result in
increasing purity of the material being analyzed. However, the recognition of Ca-oxalate
crystals within holocellulose samples revealed a source of significantly different
values, especially in A. canescens. J. osteosperma and Opuntia sp. showed the least
amount of Ca-oxalate removed during processing and 6"C values were not significantly
different from the precursor holocellulose values. In the Opuntia spp. spines no differences
were detected between holocellulose, treated holocellulose, and a-cellulose although the
Ca-oxalate removed ranked among the highest weight percent. However, in A. canescens
d'^C values were significantly lower, suggesting "C enrichment of the Ca-oxalate crystals.
Preparation techniques demonstrate the need to state the tissue fraction analyzed to enable
cross-study comparisons.
The reconstruction of past ecophysiological parameters depends on knowing the
"C of the atmosphere. Estimates from ice cores (Leuenberger et al. 1992, Indermuhle et
al. 1999) consist of few values representing long time intervals. 6'^C values of plant
tissue from species exhibiting C4 physiology have been promoted as a possible proxy for
past atmospheric &"C concentrations. This study evaluated the use of Atriplex canescens
and A. confertifolia, C4 halophytes, by 1) analyzing modem plant samples collected along
elevational gradients to test for intra- and inter-plant and site variability; 2) relating the
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5'^C of leaves contained within modem middens with samples collected from nearby plant
communities; 3) tracking changes in the 6'^C of herbarium samples collected over the last
100 years of post-industrial

depletion, and; 4) sampling packrat middens dated to

the last 40,000 years B.P. to establish a late Quaternary record of

in A. canescens

from the southeastern Colorado Plateau and northern Chihuahuan Desert.
The results of this study suggest that the fi"C of modem ^4. canescens and A.
confertifolia plant communities are relatively stable, with no statistically-significant
differences occurring with elevation or slope aspect. However, significant differences
were found between isotopically enriched A. canescens values in Utah versus more
depleted values in the New Mexico populations. Analysis of herbarium samples, collected
during the last century, showed high levels of variability. However, values did track
independent time series of

Isotopic values from 75 radiocarbon-dated packrat

middens were not significantly dififerent during the Holocene or through the transition to
full glacial conditions. Reconstructed 6"C^ values agree with previously reported shifts
in 5*^C^ of less than l%o between the Pleistocene and Holocene. However, high levels of
variability and low sample numbers result in statistically insignificant differences.
Samples of major floral elements were collected along two transects in the
southwestern United States to determine systematic changes in ft"C with elevation and
slope aspect. Samples included representatives of C3, C4 and both obligate and facultative
CAM plants. This study found that; 1) within C3 plants, arid-land gymnosperms were
greater than 2.0%o less negative than angiosperms; this exceeds differences reported by
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Leavitt and Newberry (1992) for more humid environments, 2) along each transcct, 6"C
in C3 plants decreased with elevation, opposite to previous findings in more humid regions
[apparently drought stress at lower increasing elevations more than offsets the influence of
pCOj and pOj gradients on the 6"Cw1, 3) whereas extreme environmental differences
occur on south- versus north-facing slopes significant differences were only found in
Jtmiperus osteosperma and Amelanchier utahensis. However, 66% of the sites in which
north- and south-facing C3 plant collections were made showed heavier isotopic values on
the south-facing slope, 4) isotopic values in C4 plants changed little across the two
gradients, although the Utah population of A. canescens is significantly heavier than New
Mexico and variability is greater in A. confertifolia than in A. canescens, S) the obligate
CAM plant Opuntia spp. changed little with elevation in Utah but the New Mexico
population showed a significant correlation influenced by extreme

values at the ends

of each transect, 6) the facultative CAM plant Yucca baccata had consistent isotopic
values typical of primary CAM fixation in Utah and New Mexico, while values typical of
greater C, fixation were found at the uppermost and lowermost collection sites in Utah,
and 7) the facultative CAM plant Y. glauca values exhibited predominantly C3
photosynthesis across the entire Utah transect, whereas in New Mexico a closely related
species, Y. elata, switches between CAM and C3 physiology. Overall, this study shows
that intrasite variability of plant 6''C is in most cases as great as systematic changes along
elevational gradients. Application of conventional correction factors for elevation are
unwarranted in arid and semi-arid environments.
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Packrat middens provide the richest archive for isotopic analysis of Late
Quaternary macrofossils worldwide. Samples from modem middens were shown to
accurately reflect the isotopic composition of surrounding vegetation. Long chronological
sequences throughout the southwestern U. S. point to systematic shifts of current plant
distributions southward and lower in elevation during the last glacial maximum.
Macrofossils representing major floral elements were sampled to determine shifts in 6"C
during the Holocene (0 to 12,000 calendar years B.P.), transition (12,000 to 15,000 cal.
yr. B.P.) and Pleistocene (>15,000 cal. yr. B.P.) time periods. By applying atmospheric
CO2 and 5"C values from the ice core record plant discrimination (A), water-use
efficiency (WUE), and the internal CO2 value (Cj) along with the C/C, ratio were
calculated for select species during each period. Samples include representatives of C3
gymnosperms plus C4 and CAM angiosperms with both obligate and facultative CAM
physiology. This study found that Pinus edulis and Juniperus coahuilensis increased their
WUE by 28% and 20% as atmospheric CO2 increased at the end of the last ice age. In
addition, P. edulis and Juniperus spp. differ in their ecophysiological response to low
atmospheric COj concentrations with pifion pines keeping the C/C, ratio constant whereas
the junipers adjust their C/C, ratio values. The piifon pines seem able to adjust
physiologically and morphologically to a greater degree than co-occurring juniper species.
Estimates of Q during the last ice age indicate levels in P. edulis around 85 ppmv whereas
in the junipers concentrations were as low as 60 ppmv. The C4 plant Atriplex canescens is
characterized by little change in 6"C and the physiological parameters, except for A and
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Cj between the Pleistocene and Holocene. Spines from the obligate CAM plant Opuntia
spp. were the best represented taxonomic group in the study. They showed the least
variability through time and appear to respond to changing atmospheric 6'^C; This
suggests that physiolo^cal mechanisms can overcome low atmospheric COj. The Yucca
spp. samples were split between succulent and non-succulent species using stomatal
characteristics and the

signature of the tissue. The isotopic values of non-succulent

species were typical of C3 photosynthesis, whereas the succulent species showed enriched
values typical of obligate CAM physiology. Overall this study shows different modes of
adaptation to past variations in atmospheric COj and indicates that changes are ongoing as
carbon dioxide concentrations increase.
Finally, modem samples were collected and analyzed along elevational gradients to
determine systematic changes in stomatal density and index. Significant relationships with
elevation were found in Pinus edulis and Yucca glauca. Packrat midden macrofossils
were analyzed and chronologies of stomatal density and index developed since the last
glacial period. Plants adapted to changing atmospheric CO2 levels since the full glacial by
adjusting their leaf morphology with the removal of stomata. The addition of stomata
during the Pleistocene is concomitant with a 28% reduction in WUE and a nearly constant
C/C, ratio as reconstructed from the 6"C content of the leaf tissue. The maintenance of a
constant C/C. ratio suggests that reduced WUE results from greater H2O conductance
from the greater percent of open stomata.. During the Pleistocene stomatal densities
increased by 28% in the piiion pines sampled in this study. Reductions in the C/C, ratio
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and a near constant WUE were exhibited in Ephedra where stomatal density and index
showed no significant adjustments in their values between the transition and the Holocene.
The C3 Yucca samples were confined to the Holocene and failed to show a significant
difference in stomatal density or index. The C4 Yucca samples also showed near constant
stomatal fi-equency values from the fiill glacial to present. Carbon isotopic values for the
same samples indicate a 28% reduction in WUE while maintaining a near constant C/C,
ratio. The lack of a response is consistent with CAM physiology which should be less
affected by changing atmospheric CO2 concentrations. Physiological and morphological
adaptations to past atmospheric CO2 appear to respond at the species level and with the
carbon acquisition pathway. The use of changing stomatal densities as a proxy for past
atmospheric COj is not supported.

Future Research Directions
The past 40 years of paleoecological and paleoenvironmental studies, conducted in
the southwestern United States, has detailed changes in climate that affected floral and
faunal communities. With the advent of new scientific techniques, these records are now
being reanalzyed to determine how these changes affected individual plants and the
interactions within plant communities. The research conducted for this dissertation
incorporates two of these techniques; 1) the use of the carbon isotopic content of select
taxa to determine the physiology of past plants, and 2) microscopic examination of leaf
tissue to determine the effect of changing atmospheric COj on the morphological
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characteristics of fossil plants. The studies presented here used material along a latitudinal
gradient from the southeastern comer of the Colorado Plateau into the northern
Chihuahuan desert. Additional material for analysis can be found throughout the arid
regions of the worid wherever plant material is preserved. In addition, in mesic areas
previous studies have used bog deposits which will provide additional resources in the
future.
Future work will focus on analyzing additional modem and fossil material. New
and improved analytical techniques are becoming available and will be employed to discern
past plant responses to changing environmental conditions. For example, the use of
ancient DNA may someday provide a means to track genetic changes in these populations,
and may help to determine adaptive mechanisms operating over millennia. Isotope
analysis has begun using 0"/0'' and 6D to determine changes in temperature, humidity,
seasonality and amount of rainfall. In addition, micromorphological analysis of plant
macrofossils will differentiate species and provide additional biogeographical information
on past populations. The routine use of accelerator radiocarbon dating allows even the
smallest of samples to be placed within a temporal frameworic. Each of these avenues of
research will continue to sharpen our understanding of the impact of past climatic change
on past vegetation communities.
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Abstract
The effect of standard processing techniques on the 6'^C values of plant tissue was
tested using four species representing the three photosynthetic pathways and a
representative of both Gymnospermae and Angiospermae C, plants. The species include
Juniperus osteosperma (C, Gymnosperm), Cawania mexicana (C3 angiosperm), Atriplex
canescens (C4 angiosperm) and Opuntia spp. (CAM angiosperm). Five plants collected at
two different sites for each species were pretreated to the following fractions: whole plant
tissue, holocellulose, holocellulose with calcium oxalate crystals removed, a-cellulose and
nitrocellulose. Non-cellulose components were progressively removed toward the purer
cellulose end members. d"C values were consistently higher in the C3 and CAM species
with advancing treatment. Mean site values for the five treatments differed by less than
2.2%o in J. osteosperma samples and l.6%o in C mexicana. In the CAM plant, isotopic
trends are reversed, with 6"C values decreasing with increased processing. Mean site
values differed among treatments by less than 2.5%o. The greatest variability occurred in
the C4 plant where the mean whole tissue and holocellulose differed by 4.2%o and 3.5%o
for the two sites, respectively. During the course of the study, calcium oxalate crystals
were discovered in the holocellulose tissue. Ca-oxalate removal from the holocellulose
samples resulted in significant decrease in 6"C values in the C4 A. canescens samples.
Weight percent Ca-oxalate in all of the samples showed values >60% in J. osteosperma
and A. canescens, whereas C. mexicana and Opuntia sp. weight percentages remained
<30% by weight. Significant differences in 6'^C among different pretreatment techniques
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prescribe the need to state the tissue fraction analyzed when reporting 6"C.
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Introduction
Models describe the fixation of '^C in plant tissue as a dynamic process between
atmospheric "CO; availability, controlled by stomatal conductance, and enzymatic
isotopic fi'actionation during photosynthesis (Farquhar e/a/. 1982, 1989; Farquhar 1983).
The greatest influence on the d"C value of the plant tissue results from physiological
differences in the photosynthetic pathway. Distinct

values distinguish C, from C4

plants (Vogel 1993), and coupled with fiD values can differentiate plants with CAM
physiology (Sternberg and DeNiro 1983; Sternberg et al. 1984). Lesser but consistent
differences have also been found between plants sharing the same photosynthetic pathway.
For example, physiological subtypes of C4 grasses show distinct isotopic values resulting
from enzymatic and anatomical differences within the carbon fixation pathway (Buchmann
et al. 1996). Consistent isotopic differences have also been reported between "C-enriched
C3 gymnosperm tissue and lower angiosperm 6"C values (Stuiver and Braziunas 1987;
Leavitt and Newberry 1992). However, the mechanisms responsible for this taxonomic
differentiation have yet to be determined (Leavitt and Newberry 1992). Stable carbon
isotope analysis of plant material is used increasingly in ecological and paleoecological
studies to reveal physiological responses to changing environmental conditions. To fully
understand carbon acquisition in plants and quantify environmental differences, the
material analyzed must be comparable isotopically within and between studies.
The isolation of different tissue fractions was employed to remove carbon
compounds that represent variable fractionation or are labile after initial fixation.
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Processing techniques and the tissue firaction used in isotopic analysis has become
standardized within disciplines. For example, most ecological research uses whole plant
tissue (i.e., Ehleringer et al. 1991, Donovan and Ehleringer 1992). In tree-ring research,
labile non-cellulose components are a concern, and thus cellulose, holocellulose and acellulose are preferred (i.e., Borella et al. 1998, iGshnamurthy and Epstein 1990, Leavitt
and Danzer 1993, Loader et al. 1997, Long et al. 1979).

values have also been

reported from nitrocellulose (e.g., Marino and McEIroy 1991, Marino et al. 1992) a tissue
type utilized for deuterium isotope analysis (Epstein et al. 1978). The use of multiple
tissue types makes cross-study comparisons difficult and necessitates the application of
adjustment factors (Leavitt and Long 1982; Van de Water et al. 1994). However, this
approach is only valid if the systematic differences resulting from pretreatment techniques
can be quantified.
Chemical processing eliminates unwanted carbon components from the tissue
samples, but, not all components are easily removed. For example, calcium oxalate is a
common metabolite stored as insoluble crystals (solubility product • lO**'', Graustein et al.
1977) within plant tissue (Amott 1973, 1976, Amott and Pautard 1970). Ca-oxalate
crystals result from the physiological regulation of Ca within the plant (Franceschi and
Loewus 199S; Franceschi and Homer 1980). Calcium enters through the root zone and is
dispersed throughout by xylem transport. Evapotranspiration from leaves concentrates
the dissolved nutrients in the xylem stream and within the cells and cell structures.
Because many plants do not tightly regulate Ca uptake, excessive amounts can accumulate
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and interfere with physiological processes (Kirkby and Pilbeam 1984). To remedy this,
mechanisms evolved that form Ca-oxalates to govern the calcium levels and allow normal
physiological function in surrounding cells (Franceschi and Loewus 199S). McNair
(1932) observed Ca-oxalates in 215 families of gymnosperms and angiosperms whereas
Chattaway (1953, 1955, 1956) listed its presence in more than one thousand genera from
180 families.
Ca-oxalate crystals occur in two forms; monohydrate (CaC204 • HjO, whewellite)
and dihydrate (CaC204 • 2H2O, weddellite)(Palache er a/. 1951, Leavens 1968 ). The
specific gravity of the two minerals is 2.21 to 2.23 and 1.94, respectively. The high
specific gravity results in Ca-oxalates often contributing a significant weight percent of
the plant tissue. For example, up to 85% by weight of Ca-oxalate is reported in select
species of cacti (Libert and Franceschi 1987). Isotopic analysis of the same cacti spines
revealed enrichment in the Ca-oxalate crystals (-7.3%o to -8.7%o) compared to the
associated woody fibers (-13.3%o to -14.1%o ) (Rivera and Smith 1979). In contrast,
Hoefs (1969) determined that the 6''C of Ca-oxalate removed from rhubarb leaves, a C3
angiosperm, was isotopically light (-29.3 and -27.896o ) compared with the heavier values
(+7.8 to +0.6%o) of whewellite crystals from sedimentary deposits. The similarity between
the tissue and oxalate 6"C value reported for both CAM cacti and C3 rhubarb suggest
that the carbon incorporated into Ca-oxalate is heavily influenced by the isotopic signature
of the photosynthetic pathway of each species.
This study reports the 6"C value of five common pretreatment techniques using
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plant species representing C3, C4 and CAM physiologies. Samples include the C3 plants
Juniperus osteo^rma (gymnosperm) and Cawania mexicana (angiosperm), Atriplex
canescens (C4 ), and Opuntia spp. (obligate CAM). The sequence of tissue fractions
analyzed include whole tissue, holocellulose, holocellulose treated to remove Ca-oxalates,
a-cellulose, and nitrocellulose preparations. During processing, increased amounts of
non-cellulose components are removed, resulting in purer a-cellulose samples at each
step. The conversion of a-cellulose to nitrocellulose is used primarily for dD analysis
(Sternberg 1989) but is included because of the reporting 6"C values using the
preparation (Marino and McElroy 1991; Marino et al. 1992). Differences between
pretreatment techniques are calculated and presented. This study does not propose the
standardization of preparation processes, but aims at quantifying differences in 5'^C values
resulting from commonly-used sample preparations.

Methods
The samples used in this study were collected in 199S. Each site consists of five
randomly chosen plants from which branches and pads (cactus) were removed from each
of the four cardinal directions. J. osteosperma and C. mexicana were collected at an
altitude of 1675 m in southeastern Utah, whereas A. canescens was collected nearby at
1220 m. Opuntia sp. pads were collected on north-facing slopes at 1675 m and 1830 m in
south-central New Mexico. The cactus pads are restricted to the phaeacanthaea type, but
were not identified to species at the time of collection. All material was stored in paper
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bags to allow air-diying then transported to the laboratory. Equal numbers of twigs,
leaves or spines from each of the four clippings were pooled together for isotopic analysis.
Leaves from C mexicana represent the collection growth year 1995. A. canescens and J.
osteosperma are evergreen plants, therefore the leaves and branch tips are an unknown
age as are the Opuntia sp. spines used in the study.
The isolation of leaf tissue components used standard chemical extraction
techniques. Initially, samples were ground in a Wiley* mill until the material passed
through a 20-mesh screen. Ground material was then pouched using commercially
available filter material, and heat-sealed to resemble a "tea bag." The least-processed
tissue type was composed of whole tissue, prepared by boiling the ground material in hot
water for two hours to remove waxes, carbohydrates, and other complex polysaccharide
(Pettersen 1984). Holocellulose was extracted by placing the pouches with the ground
material in a soxhlet to remove waxes and oils using an ethanol/toluene and ethanol wash.
The samples were then bleached with acidified Na-chlorite to remove the lignin (Sheu and
Chiu 1995; Green 1963; Leavitt and Danzer 1993). To remove Ca-oxalate from the tissue
a procedure was developed following Baker (1952). Holocellulose samples were washed
in 10% HCI for at least 24 hours with two to three changes of the acid solution.
Holocellulose also serves as a precursor to a-cellulose converted by removing the residual
hemicellulose by treating the samples with a strong base, NaOH, followed by glacial acetic
acid (Pettersen 1984). The resulting a-cellulose contains three labile hydroxy! groups
that must be replaced before hydrogen isotope analysis (Robertson et al. 1995).
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Processing of a-cellulose to nitrocellulose uses fuming nitric acid and acetic anhydride
(Epstein and Yapp 1976; Sternberg 1989). After processing, samples were washed until
neutral using distilled water, then dried before loading into tubes for combustion and
analysis.
The dried samples were removed from their pouches and up to 3 mg weighed for
combustion to CO2 and H2O. The material was placed within Vycor* tubes with copper
oxide as an excess oxygen source during firing. Sample tubes were evacuated and torch
sealed, then burned successively at 900° and 650° for two hours. In the nitrocellulose
samples silver foil was added along with the Cu-oxide to remove NO, from the sample.
Once sealed, these samples were combusted for four hours at 800"C (Northfelt 1981).
All tubes were cracked in vacuo and the COj cryogenically isolated, then measured on a
Finnigan MAT Delta-S® mass spectrometer. The 6"C results are reported with respect to
the internationally-accepted PDB standard (Craig 1957).

Each batch of 10 samples was

accompanied by a lab standard consisting of either white spruce cellulose, a C3 signature,
or C4 sucrose. Results of the C, and C4 standard analysis during this study (C, = -23.S2±
0.20, n = 11; C4 = -10.98± 0.15, n = 21) are both within lo of the long-term value of
each standard (-23.83 ± 0.20 , n = 164; C4 = -11.01 ± 0.16, n = 107). The standard
deviations for the C, and C4 standards fall at or below 0.2%a, the estimated error for
laboratory preparation and analysis. Ca-oxalate per gram of holocellulose (weight %) was
determined for each species by weighing the holocellulose samples before and after
processing using a Mettler* series 6600 electronic balance. Each sample was equilibrated

123

for 48 hours before each measurement to a temperature of 24 ± 3 "C and a humidity of SO
± 10%. A standard 100-mg weight measured after each group of five samples gave a
consistent value of 100.0 ± 0.1 mg.
Statistical analysis employed the SPSS* software package. Descriptive statistics
for all sites suggested normal distributions. During the statistical analysis, comparisons
were restricted to plants growing at each site for each species using one-way ANOVA
(Tab. 1). The differences among fractions within each plant sample were calculated and
pooled into an average value for each site by species (Tab. 2). By convention, calculated
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Figure 1. Ca-oxalate contained within holocellulose tissue for each of the species used
in this study. Comparison of these results with those in Figure 2 reveals that the high
percentage occurring in Juniperus osteosperma results in only minor isotopic changes in
the tissue. In contrast the small percentages in Cowania mexicana result in a similar
5"C shift, suggesting smaller amounts of Ca-oxalate with a heavier 6"C signature.
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5"C differences always subtracted the isotopic value associated with the greatest
processing from the fraction with the least. For example, a-cellulose values are subtracted
from holocellulose values and nitrocellulose from a-celluIose.
Results
Overall the

values of the different tissue types showed distinct trends among

samples with different carbon fixation pathways. With increased processing, the mean
values trended toward higher

values in the C3 gymnosperm and angtosperm,

whereas the CAM plant, Opuntia sp., decreased isotopically lighter. The C4 plant A.
canescens showed the widest range and greatest variability in values with increased
processing. Throughout the study there was no trend in the range of values nor did the
difference between pretreatment techniques show a trend. These results were obtained
despite the increasing purity of cellulose with each processing step (Fig. 2).
Juniperus osteosperma, a C3 gymnosperm, exhibits higher

values than the Oy

angiosperm C. mexicana, a result consistent with previous observations of isotopic
differences between gymnosperms and angiosperms in tree-rings (Leavitt and Newberry
1992, Stuiver and Braziunas 1987). The mean 6"C values from each juniper site,
increased as along the pretreatment progressed. The greatest differences between the
average site values comparing pretreatment techniques were 2.2 and 2.1%o for north- and
south-facing slopes, respectively. The trees on the north-facing slope showed the greatest
range of 6"C values (2.4 96o) in the holocellulose samples treated to remove the
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Table 1. Average 6"C and the range of values (in parenthesis) for each site reported for
each fractions of cellulose analyzed during the study. The upper and lower values
represent the northern and southern aspect mJ. osteo^rma, C. mexicana and A.
canescens. The Opuntia sp. samples are from northern aspects with the upper value
representing 1830 m and the lower from 167S m. Each reported value represents the sum
of 5 plants.
Juniperus
osteosperma

Cowania
mexicana

Atriplex
canescens

Opuntia
sp.

Whole Tissue

-24.14*0.86(1.9)*
-22.07 iOjeCO-Sf

-24.88 ± 1.12 (2.6)
-24.36 *0.47(1.1)**^

-14J6*0.12(0J)*«'
-14.78*0JO (0.8)^""

-11.08 * 0.49(1.1)*
-10.43 * 0.36 (1J)F»

Hotocellulose

-23J7±0.9I (2.1)
-21.45 ±0j6(0.9)«=

-24.67 * 0J6 (1.0)
-23.84 *0.49 (1.2)P

-10.06* 0.41 (0^)^
-11.24 * 0.86 (1.9)«

-11.82 * 0.67 (1.8)P
-11.33 * 0.72(1.8)

Treated
Holocellulose*

-23.08 ± 1.09(2.4)
-21.17 ±0.43 (1.1)P

-23.96 * 0.86(2.4)
-23.01 *0.77(1.8)*

-12.06 * 0.43 (I.l)**^
-11.99 * 0.43 (1.2)^

-12.23 * 0.43 (I.0)«=
-11.71 *0.73(1.6)^

a-Ce!lulose

-22.69 * 0.90(2.0)
-20.93 ± 0.32 (1.4)F'

-23.63 * 0.43(1.0)
-2X63 * 0.30 (l.I)^

-10J7* I.24(3.I)'=''"
-11.82* 0.16 (0.4)F"

-12.00* 0.41 (1.1)P
-11.32*0.70(1.8)

Nitrocellulose

-21.99 ± 1.07 (2J)*
-19.94 ± 0.68 (l-ei^^®*

-23.71 *0J7 (0.8)
-23.03 * 0.61 (1J)<=

-13.63 * 0.72 (1.7)P-<«
-13J0*0.26(0.7>'J^

-13.37 * 0.93(23)**""
-11.91* 0.33 (1.4)*

* Ca-o.\alate removed; Letters next to each value represent preparations for each species whose means
(columns) are significantly different (5%) using the Tukcy comparison. Statistical comparisons are
limited to values from the same site.

Ca-oxalates (Fig. 2, Tab. 1). These results show that the range of sample values at a
single site are as great as the differences occurring between pre-treatment techniques.
Significant differences occurred between individual pretreatment preparations at both the
north-(F = 3.38, df = 4,/? = 0.03) and south-ftcing(F = 13.11, df=4,/» = <0.01)
localities. On the north-facing slope whole tissue was significantly lighter than the
nitrocellulose fractions (Tab. 1). This trend continued on the south slope where whole
tissue was significantly lighter than the a-cellulose and nitrocellulose was heavier (more
"C) than all the other preparations (Tab. 1).
Similar trends were observed in the other C, angiosperm with 6"C values
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Figure 2. Reported 6"C values for the different tissue treatments used in this study. The
small gray circles represent individual values and the larger circles represent the means
with error bars of 2o.
increasing during the processing sequence. C mexicana, a member of the Rosaceae
family, is a medium-sized shrub that grows under xeric conditions in the western United
States. The

range of values in the holocellulose samples as high as 2.6 %o (Tab. 1;

Fig 2). The greatest difference between sample preparations was 1.2 and 1.5%o for the
north- and south-facing sites,
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Table 2. Average differences among plant treatments for species representing C3, C4 and
CAM physiologies. Values are calculated from the analysis of 10 plants per species, and
combining both sites into a single measure of diffisrence. Values may differ from Table 2
b^^»^otlygosjtiv^n^iegativ^^u^^i^osM|W^vithii^chcategoijr^^^_^^^^^^^
Cowania
Juniperus
Atriplex
Opuntia
spp.
osteosperma
A6"C
mexicana
canescens
Whole Tissue - Holocellulose

-0.69 ±0.78

-0.46 ±0.79

-3.87 ±0.78

0.93 ±0.36

Whole Tissue • Treated Holocellulose* -0.98 ±0.77

-1.23 ± 0.64

-2.49 ±0.55

1.21 ±0.39

Whole Tissue - a-Cellulose

-1.30 ±0.91

-1.58 ±0.62

-3.42 ±0.94

1.00 ±0.57

Whole Tissue - Nitrocellulose

-2.14 ±0.95

-0.96 ± 1.19

-1.05 ±0.65

1.97 ±0.93

Holocellulose - Treated Holocellulose* -0.29 ±0.24

-0.77 ±0.54

1.38 ± 0.85

0.28 ± 0.39

Holocellulose - a-Cellulose

-0.61 ±0.24

-1.12 ±0.35

0.45 ± 1.08

0.07 ± 0.56

Holocellulose - Nitrocellulose

-1.45 ±0.36

-0.92 ±0.40

2.82 ± 1.15

1.05 ± 1.11

Treated Holocellulose* - a-Cellulose

-0.32 ± 0.42

-0.35 ± 0.44

-0.93 ± 1.17

-0.21 ±0.70

Treated Holocellulose* - Nitrocellulose -1.16 0.34

-0.15 ±0.46

1.45 ± 0.80

0.77 ± 1.05

a-Cellulose - Nitrocellulose
* Ca-oxalate removed

0.20 ±0.21

2.38 ± 1.29

0.98 ± 0.90

-0.84 ± 0.44

respectively. Testing of the means showed significant differences between treatments at
both the north- (F = 3.20, df = 4, p = 0.04) and south-facing (F = 8.99, df = 4, p = <0.01)
localities. However, using the Tukey comparison, a treatment-by-treatment analysis of
north slope values failed to find significant differences between the treatments at the 5%
level. On the south-facing slope, 6"C values of whole tissue are significantly lower than
the other fractions, and holocellulose and a-cellulose are significantly different from each
other (Tab. l;Fig.2).
A consistent trend also occurred in the Opuntia spp. spine tissue. However, the
isotopic shift is opposite to J. osteosperma and C mexicana, with 6"C values decreasing
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as processing proceeded. The range of 6"C values for each treatment at each site is
below 2%o, except for the nitrocellulose samples from 1830 m (Tab. 1; Fig. 2). The
greatest ranges of mean pretreatment values are 1.46 and 2.49%o for the 1830 m and 1675
m sites, respectively. The pretreatment means show significance differences at both the
1830 m (F = 10.81, df = 4, p = <0.00) and 1675m (F = 3.70, df = 4, p = 0.02 ) sites. At
the upper elevation site the 5'^C values for nitrocellulose are statistically different from all
the other treatments, whereas at the 1675 m site whole tissue differs from treated
holocellulose and nitrocellulose (Tab. 1, Fig 2).
The widest range of mean values among the different pretreatments occurred in A.
canescens (Tab. 1, Fig. 2). This C4 plant, is a member of the Chenopodiaceae family and
commonly grows at lower elevations in saline conditions throughout central and western
North America. Whole-tissue values are decreased in
preparations, whereas holocellulose exhibits mean higher

compared to the other
values at both sites. The

range of sample values within each treatment is as great as 3.l%o (Tab. 1; Fig 2), whereas
the site means differ by 2.49 and \ A6%a for the north- and south-&cing sites, respectively.
Significant differences between the mean site values were found at both the north- (F =
36.24, df = 4, p = <0.01) and south-facing (F = 45.67, df = 4, p = <0.01) localities (Tab.
I). Trends among pretreatment techniques are less clear-cut than in the C3 and CAM
plants. For example, whole tissue is the most depleted in

and holocellulose is the

most enriched becoming depleted again after the Ca-oxalates are removed. The 6"C acellulose samples are higher than the treated holocellulose but the nitrocellulose samples
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return to lower 6"C values (Tab. 1, Fig. 2).

Discussion
Plant tissue contains non-cellulose components that exhibit systematic differences
in their

value. These components were increasingly removed with advanced

processing, from relatively little preparation in whole tissue to the complex chemical
treatment required for nitrocellulose. Variable 6'^C values have been found in noncellulose components of plant tissue including metabolic fhictions (starch, lipids, Caoxalates) and individual compounds (amino acids, lignin), and even individual carbon
groups (reviewed in O'Leary 1981). For example, lipids in C3 plants show isotopically
lighter values than the surrounding plant tissue in tomato (Park and Epstein 1960, 1961)
and cotton as well as the C4 plant sorghum (Whelan et al. 1970). This variability carries
over to individual amino acids in both C, and €« plants (Whelan et al. 1970) and CAM
plants (Lerman et al. 1974). The 6"C values can be wide ranging; for example, glutamate
differed by greater than 2%o from aspartate in cotton and sorghum. In addition, malic acid
and citric acid show more than a 496o difference in cotton (Whelan et al. 1970). Similar
differences were reported in the CAM plant Kalanchoe daigremontiana which showed a
6"C value of - 1296o for malate, compared to - 15%o for the starch and -16 to -18%o for
the remaining insoluble residue (Lerman et al. 1974). These results point to the wide
range of isotopic signatures in the dififerent fractions within whole leaf samples. In this
study, whole tissue samples show a range of values that are of the same magnitude as the
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other treatments. This suggests that these fractions provide a homogeneous mix of "Cenriched and lower 6"C fractions that are close to the mean tissue value, contribute a
small proportion of the overall 6"C value, or degrade and/or are removed during the
limited whole-tissue sample preparation (Tab. 1, Fig. 2).
Processing of whole leaf tissue to holocellulose aims to remove all but the total
polysaccharide fraction, including metabolic and non-metabolic fractions (Petterson 1984).
Holocellulose is a combination of hemicellulose and cellulose, hemicellulose being a
mixture of lower molecular weight polysaccharides (Pettersen 1984). The hemicellulose
fraction is then removed during the processing of holocellulose to arrive at a-cellulose
(Pettersen 1984). Benner et al. (1987) reported a comparison of whole tissue, lignin,
hemicellulose and a-cellulose (reported as just cellulose) for 8 diiferent C3 and C4 species.
The C3 plant samples include the leaves of Juncus roemerianus, Carex walteriana and
wood from the gymnosperms Pinus elliottii, Juniperus virginiana and the angiosperm
trees Quercus niger, and Acer rubrum. Within the study, the gymnosperms showed
progressively heavier 6'^C values in the hemicellulose and a-cellulose fraction compared
to whole tissue. The results are consistent with the removal of a lower 6"C fraction
during processing to hemicellulose and the removal of the isotopically depleted
hemicellulose during processing to the a-cellulose fraction. The angiosperm wood
samples showed similar results except that the removal of isotopically enriched leaf
components and lignin resulted in a lower

hemicellulose fraction than the whole

tissue fraction. In the/, roemerianus and C walteriana leaves, hemicellulose values were
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heavier than whole tissue, the a-cellulose values intermediate and the combined metabolic
and non-metabolic fractions values were consistently depleted in

compared to the

whole tissue value.
In this study, the J. osteosperma and C. mexiccma holocellulose values have higher
values than the whole tissue fraction and suggest that the fractions, removed during
processing, were isotopically lighter. The a-cellulose values are isotopically enriched
compared to the holocellulose samples, results consistent with the removal of an
isotopically depleted hemicellulose fractions. Both results confirm the isotopic values of
fractions removed, including lignin and hemicellulose, in the gymnosperms reported by
Banner et al. (1987) study. In Opuntia spp. carbon isotopic values become more depleted
with increased processing. The reduction in "C suggests that the metabolic and nonmetabolic fractions, including lignin and hemicellulose, of the cactus spines are isotopically
enriched (more "C) compared to the a-cellulose, results opposite of the C, plants. Finally
a wide range of values occur in the €« plant A. canescens. Whole tissue samples are
depleted in 5'^C compared to holocellulose samples whereas the a-cellulose values were
intermediate (Fig. 2). Benner et al. (1987) sampled two C4 species (Spartina altemiflora
and Cynodon dactylori) and report progressively enriched hemicellulose and a-cellulose
fractions but isotopically depleted values for the metabolite and non-metabolite fractions
including lignin. In the A. canescens samples the holocellulose became isotopically
enriched with the removal of the metabolites and lignin suggesting isotopic depletion,
consistent with the Benner et al. (1987) study. However, the removal of hemicellulose
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during processing to a-cellulose resulted in isotopically lighter

values in the A.

canescens samples and not continued depletion as observed in the S. altemiflora and C.
dactylon.
Chemical processing of whole tissue to cellulose assumes that the metabolite and
non-metabolite fractions, including lignin, are removed. However, during the course of
this study, crystals of Ca-oxalate were discovered in variable amounts distributed
throughout the processed holocellulose tissue of the different species. It has been shown
that the availability of Ca to a plant will regulate the formation of Ca-oxalate idioblasts
(Frank 1972; Franceschi and Homer 1979). Ca-oxalate formation results from Ca uptake
and concentration within the plant leaves as a consequence of evapotranspiration (Kirkby
and Pllbeam 1984; Franceschi and Loewus 1995).

However, in 7. osteosperma and C

mexicana, the Ca-oxalate free holocellulose samples became isotopically enriched
suggesting that the Ca-oxalate crystals were depleted in '^C. Calculation of the weight
percent of Ca-oxalate in the holocellulose tissue showed levels between 20 to 70% in J.
osteosperma whereas most C. mexicana samples had values below 20% (Fig 2). The
similar shift in &"C compared to J. osteosperma, but with a limited weight percent of
crystals, suggests that the Ca-oxalate in the C. mexicana is more divergent from the
holocellulose tissue in its isotopic signature. In the Opuntia sp. samples the isotopic
values changed little with Ca-oxalate removal suggesting that the '^C in the metabolite is
similar to the tissue fraction. The lack of significant diflferences with the removal of Caoxalate, conflicts with previously reported "C enrichment of Ca-oxalate in cactus from
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west Texas. Rivera and Smith (1979) identified the 6"C of Ca-oxalate crystals 6*001
cactus tissue and values for the spines and fibers of five different cactus species. The
oxalates in the cactus pads were consistently heavier than whole tissue samples consisting
of spines or fibers. The results fi'om this study indicate that the Ca-oxalates contained
within the spine tissue has a similar

value to the cellulose. Cactus spines contain no

functioning vascular tissue so the Ca-oxalate likely reflects the &"C of the plant at the time
of leaf formation (Noble 1980). As a representative of isotopic differences occurring
within CAM plants and tissue, the spines may not be the best tissue type for testing.
The most significant isotopic shift between holocellulose with and without Caoxalates occurred in the C4 plant

canescens. Treated holocellulose became depleted in

"C suggesting isotopic enrichment in the Ca-oxalate fractions. The difference between
treatments in plants growing at the same site were as great as 2.3%o in this study but
differences greater than 5%o have been found in other A. canescens and A. confertifolia
samples in Utah and New Mexico (Van de Water, appendbc B, C). In addition, A.
canescens samples contained a significant weight percent of Ca-oxalate (Fig. 2). The
failure to remove Ca-oxalates within sample tissue may significantly alter study results.
For example, Marino et al. (1992) used A. confertifolia as a proxy of atmospheric 6"C
content in the present and the past. Their study reports very low inter- and intraplant and
site 5'^C variability using nitrocellulose samples. The analysis of A. canescens growing
along elevational gradients displayed much larger variability, with the range of values at
some sites being as great as S to 6%o. However, the variability was reduced afler the
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material was treated and Ca-oxalate removed (Van de Water et al., appendix B, C).
Similar reductions occurred during the analysis of A. canescens and A. canfertifolia
herbarium samples from the southwestern United States (Pedicino 1997).
The conversion of a-cellulose to nitrocellulose results in the removal of labile
protons contained in exchangeable hydroxyl groups. Nitration resulted in higher 6"C
values in the C3 species Juniperus osteosperma and Cawania mexicana. In the C4 and
CAM plants, values decreased in "C. Robertson et al. (1995) report heavier values in
nitrocellulose compared to a-cellulose in the C3 angiosperm Quercus petraea, results that
are consistent with the J. osteosperma and C. mexicana in this study. Decreasing 6"C
values in the CAM plant Opuntia sp. are consistent with the overall trend with increased
removal of non-cellulose components and may result from residual hemicellulose not
removed in the conversion of holocellulose to a-cellulose. The Atriplex canescens
samples show decreasing 6"C values compared to the a-cellulose fraction.
To facilitate comparisons among the different species and physiological types used
in this study, correction factors were calculated for the four species and five different
treatments (Tab. 2). Within the C3 plants each comparison results in progressively higher
5*^C values with advancing treatment. The greatest variability among species and
preparations is exhibited by the comparison of whole tissue with other methodologies.
Differences are less than l.S%o, except whole tissue versus nitrocellulose iny.
osteosperma and whole tissue versus a-cellulose in C. mexicana. The C4 A. canescens
exhibits values that can differ by as much as 3.9%o depending on the process. In addition.
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the greatest di£ference occurs among whole tissue and holocellulose, probably the two
most common preparations. The variance in these samples range as high as 1.29%e. Of
the species and photosynthetic types tested, the CAM plant Opuntia sp. exhibits the
greatest uniformity among preparations with the greatest mean difference being less than
1.2S%o and variance below 1.1 l%e (Tab. 2). However, the use of spines compared to
other plant tissue may have provided an unrealistic portrayal of CAM plants and the
results should be used with caution.

Conclusions
The isotopic analysis of tissue fractions from leaf^ twig and spine samples revealed
significant differences between representatives of C,, C4 and CAM physiologies. With
increased processing, 6'^C values of the C3 samples increased whereas the CAM
representative decreased. Similar trends occurred in both the C3 gymnosperm and
angiosperm. The greatest variability between pretreatments occurred in A. canescens, the
C4 representative. 6"C values of whole tissue samples were as much as 3.8 %e lower than
holocellulose 5'^C values. The weight difference with Ca-oxalate removal was greatest in
J. osteosperma and A. canescens samples. Isotopic analysis showed a minor shift toward
higher 5"C values in the C3 species and lower 6"C values in the CAM representative. In
the C3 species, the small mean isotopic change with Ca-oxalate removal indicates greater
differences between the isotopic signature of Ca-oxalate and holocellulose in C. mexicana
compared to J. osteosperma. Calibration factors among the pretreatments analyzed in this
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study are provided to &cilitate cross-study comparisons. The effect of difiwent
pretreatment techniques points to the necessity of stating the procedures used when
reporting study results.
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Abstract
Knowing the 6"C^ is essential to budgeting global carbon and explaining past
redistributions among various reservoirs. Direct measurement of 6"C^from bubbles
trapped in ice has proven problematical, so alternative proxies are needed. One possible
proxy is the 5"C of C4 plant cellulose preserved in sediments and rodent middens.

Atriplex confertifolia and A. canescens, C4 halophytes, are ubiquitous in the fossil record
of the North American deserts. A. confertifolia macrofossils collected from Great Basin
packrat middens have already been used in an attempt to reconstruct 6'^C^ variations
during the past 40,000 years. Here we expand on this effort by examining
variations for A. confertifolia and A. canescens in modem populations, herbarium
collections spanning the last ISO years, and fossil packrat middens from many sites in the
southwestern U.S. A We found considerable unsystematic variability between plants at
the same site, and between different populations along steep environmental gradients.
Mean standard population values, corrected for fractionation effects do approximate
but, large sample sizes and replication are needed to characterize past variations in
5'^C^. 5"C time series from herbarium specimens of both species illustrate how
variability confounds reconstruction of known variations of
years.

during the past ISO
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Introduction
Reconstructed

values are used extensively to determine past budgets of

the global carbon cycle (Maslin ef al. 1995), model ocean dynamics (e.g., Broecker et al.
1993; Samthein et al. 1994), and estimate terrestrial carbon stocks (Esser and
Lautenschlager, 1994; Van Campo et al., 1993). In addition,

values are needed to

reconstruct plant physiological responses to environmental variations, including changing
CO2 levels (Beerling et al. 1993; Beerling 1994, 1996; Van de Water et al..1994).
Interpretations of 6"C variations in organic matter and carbonates must be used
cautiously if the

is not known for the particular period in question (e.g. Cole and

Monger 1994; Liu et al. 1996; Street-Perot et al. 1997). Analysis of air bubbles from high
latitude ice cores provides a record of changing b"C in the atmosphere since the last
glacial (Leuenberger e/a/. 1992; Indermuhle era/. 1999; Smith e/a/. 1999). Ice core
values are few and not without uncertainties, however, d"C of C4 plants is regarded as an
alternative proxy for past

(Marino et al. 1992, Toolin and Eastoe 1993). The use

of C4 plants as a proxy is predicated on the assumption that

variability in the

atmosphere is reflected in plant tissue in a systematic and quantifiable way. This study
focuses on variability in natural populations oiAtriplex confertifolia and A. canescens, C«
halophytes with broad distributions in western North America. Samples came from
modem (1995) field collections, historic (1884 to 1994) herbarium collection, and modem
and fossil packrat middens spanning the last 40,000 radiocarbon years.
Carbon isotope analysis of leaf cellulose was developed into a tool to relate
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physiological changes in carbon acquisition to environmental conditions and plant water
status (Farquhar e/a/. 1989, Ehleringer and Vogel 1993, O'Leary 1993 ). Numerous
studies have related discrimination (A) against "C during photosynthesis to overall waterstatus and water-use efficiency in Cj plants (Guy ef al. 1980; Ehleringer 1993). However,
few studies have investigated how environmental variability affects carbon acquisition in
C4 plants (Bowman ei al. 1989; Meinzer et al. 1994; Sandquist and Ehleringer 1995).
Carbon isotopic discrimination in C4 plants was modeled by Farquhar (1983) as

A=a + (A^+(A30-j)-a)c/c^

(EqA)

where a (4.4%o) is discrimination during difiiision through the stomata, bj (3096o) is
discrimination by the enzyme Rubisco and b^ (-S.2%o ) by the enzyme PEP-carboxylase, s
is the fractionation that occurs during leakage from the bundle sheaths back into the
mesophyll cells (1.8%o ) (Henderson et al. 1992). Of the factors present in the model, all
are thought to be constant except

which is affected by temperature associated with the

hydration of CO2 to HCO3' (Mook et al. 1974). Finally, 0 is the fraction of carbon that
leaks from the bundle sheath cells into the mesophyll tissue and is fixed by the C,
photosynthesis cycle. If ^approaches one, the 6'^C signature of the plant approaches
values similar to a C3 plant.
Theoretical models imply a linear relationship between

. and

(Farquhar, 1983). Carbon fixation in C4 plants is a measure of atmospheric fi'^C if 0, the
leakage factor, is a value that causes the effect of the C/C, ratio to be inconsequential.
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For example, using the values from equation #1, when 0is equal to 0.37, 5"Cf.-.is
independent of the C/C, ratio. Under these constraints 6'^C^ can be reconstructed using
the transfer function

=

(£?.2)

where A is the difference between atmospheric and plant 6'^C caused by fractionation.
Marino and McEIroy (1991) tested the theoretical relationships between
and 6"Cp.^ in the €« system using 2ea nwys grown during the spring in Clayton, North
Carolina, and during the fall in Homestead, Florida. Reconstructed 6"C^ values were
within 0.12%o and 0.17%o of the globally averaged summer and winter

values,

respectively. Using commercial Z mqvv seed stocks grown in Ames Iowa between 1948
and 1987, Marino and McElroy (1991) matched the time series of 6"C^ directly
measured since 1977 from COj sampled at Mauna Loa (Keeling et al. 1989). The positive
results encouraged Marino etal. (1992) to use 6"C from fossil leaves ofAtriplex

confertifolia in packrat middens (Figure 1). Modem A. confertifolia samples were
collected from California to Wyoming to establish the fractionation factor. At each site,
leaves from five plants growing in close proximity were pooled and processed to
nitrocellulose. They report a mean A value of 4.42%o and a mean fi'^C value of -12.30 ±
0.1 l%o. These results suggested a tightly-constrained system. A total of sixteen A.

confertifolia samples from packrat middens were then analyzed to reconstruct 6"C^
over the last 35,000 cal. yrs. B.P. Reconstructed 6"C^ values are 0.7 to 1.096o lighter
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during the last glacial period than during the Holocene. However, these findings differ
from measurements made on air bubbles in the Byrd ice core for the same period
(Leuenberger et al. 1992), in which

values are only 0.3Xo more negative during the

glacial. In the Taylor Dome ice core, the

becomes O.S%o lighter between 18,000

and 16,500 cal. yrs B.P. then shows enrichment of 0.7%o between 16,500 and 9,100 years
B.P. (Smith etal. 1999) (Figure 1).
Toolin and Eastoe (1993) used the same approach with native populations of the
C4 grasses Setaria macrostachya and S. leucopila. Modem, herbarium and midden
samples were used to establish modem fractionation factors and compare reconstructed
6"C with the ice core record of

change over the last 15,000 cal. years (B.P.).

Modem Setaria sp. samples established a A value of 2.9%o and estimated the 1990
value at -8.2 ± 0.14%o, a value isotopically lighter than the global average

of

-7.7%o. The authors suggest that lighter (less 6"C) Setaria sp. values are consistent with
atmospheric "C depletion at inland sites. Herbarium samples were used to bridge the
period between modem and Holocene estimates using fossil material from packrat
middens. The herbarium reconstruction suggests a 1.8%o decrease in fi"C during the
period since industrialization. Reconstructed atmospheric

values from ice cores and

direct measurements at COj sampling stations estimate -1.6%o depletion since
industrialization (Keeling et al. 1989; Whorf pers. comm.). Holocene

values were

estimated to be -6.5 ± 0. l%o, which is in overall agreement with late Holocene ice core
values from the Antarctic (Siple, -6.5 ± 0.07%o (1740-1820 A.D.); South Pole -6.70 ±
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Figure 1. Estimates of past levels of 6'^C^ using ice-cores and plant reconstructions.
Global monitoring of atmospheric 6"C values were begun in 1978. An 8* order
polynomial curve was fit to Holocene and Pleistocene ice core values (r^ = 0.9S) and
used to reconstruct physiological parameters from the midden record.
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0.13%o (1200-1550 A.D.); Byrd, -6.49 ± 0.05%o (1080-1310 A.D.)) and Greenland (Dye
3, -6.41 ± 0.09%o (1780-1820 A.D.XLeuenberger et al. 1992). During the Holocene
absolute values and the overall

trend compares favorably with the Taylor Dome

record (Indermuhle e/a/. 1999; Smith e/a/. 1999). Reconstructed atmospheric
values center between -6.2 and -6.7%e with higher

values occurring during the

mid-Holocene (5,000 to 8,000 cal. yrs. B.P.).
Initial results of

reconstructions from €« cellulose have been encouraging,

but considerable uncertainty remains about variability in natural populations and its effect
on what is a fragmentary and spotty fossil record. Here we analyze 6"C of both modem
and historical material to further evaluate the use of &"C from A. canescens and A.

confertifolia collected along elevational transects and in garden plots. Analysis
determined intra- and inter plant and site variability. The elevational transects are a test of
how environmental factors other than

might affect

in these €« halophytes.

Comparisons with previous studies (Marino and McElroy 1991; Marino et al. 1992;
Toolin and Eastoe 1993) and the measured atmospheric

values were made to judge

the feasibility of reconstructing 6"CMB-from plant material. The relationships between
carbon fixation within modem plants and

were applied to herbarium material

collected in northem Arizona and westem New Mexico to establish the historic response
to changing atmospheric conditions. In addition, A. canescens leaves from packrat
middens were analyzed to test against known changes in

allowed the analysis of

older populations and reconstmction of atmospheric concentrations since the last full
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Table 1. Statistical summary of intra- and inter-plant variability in A. canescetts plants
growing along elevational gradients in southeastern Utah and south-central New Mexico.
Intra- Plant Analysis (A. canescens; 32.9SN, 105.88W, 1710 m )*
Slope
#3
#4
#5
Plant #1
#2
North
-14.95
-14.80
-14.75
-14.64
-13.90
South
-14.50
-13.97
-14.60
-14.50
-14.66
East
-14.79
-14.53
-14.26
-14.53
-15.01
West
-14.71
-14.33
-13.51
-14.33
-15.27
Mean
-14.53 ±0.15 -14.10 ±0.41 -14.34 ±0.27 -14.93 ±0.28 -14.74 ±0
Site Mean

-14.53 ±0.39

™""'"'^"^^Tnzona"^""""""'""^Re5nRK5ac^^^""""'"*Re^Cle5aco"
long.111.00 W
long.106.68 W
long. 105.97 W
lat. 32.22 N
lat. 34.26 N
lat.32.94 N
filOm

Leaves
Seeds
Difference

-14.69 ± 0.58
-13.63 ±0.72
1.06

1690m

-12.73 ±0.56
-11.88 ±0.48
0.85

1220 m

-13.51 ±1.41
-12.19±0.44
1.32

^Reported mean and standard deviation from 6"C values obtained during analysis ofleaves fiom
branches removed at each of the four cardinal directions on a given plant

glacial period, 20,000 years B.P.

Methods
In 1995 we sampled 110 plants of A. canescens and A. confertifolia growing along
two elevational transects in southeastern Utah and south-central New Mexico. The
sampling sites span 455 m in Utah and 760 m in New Mexico and translate into a -2.3"C
and -5.0°C annual temperature difference at the two localities, respectively. At nearby
Natural Bridges National Monument (1980 m elev.) mean annual precipitation is 320 mm
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with 49% falling during the warm season (Apr. to Oct.). The site's precipitation increases
with elevation by 86 mm in Utah and in New Mexico 251 mm using gradients of
19nun/100 m and 33nini/100 m respectively. Sampling sites were staggered at 152-m
elevational intervals on north- and south-&cing slopes, or in flat areas where topography
dictated. At each elevation (Table 1), up to ten plants were randomly chosen for
collection. Additional material was obtained firom plots of known A. canescens varieties
growing at the University of Arizona Campbell Farm in Tucson. In both cases, branches
from each of the four cardinal directions were sampled from each plant, placed in paper
bags and
returned to the laboratory for further processing. Standardized sampling procedures were
employed to subsample the plant collections for isotopic analysis. Material for isotopic
analysis consists of five leaves from each of the four branches, making a total of 20 pooled
leaves representing the circumference of each plant. A select group of plants were chosen
for analysis to determine intraplant variability. Samples consist of 10 leaves from each of
the individual branches representing each cardinal direction.
Herbarium collections provided C4 plant tissue that grew during the historic, postindustrial shift toward more negative atmospheric 6'^C values (Keeling etal. 1989).
Samples of Atriplex confertifolia and A. canescens, two C4 plants common in older
packrat middens, were collected from herbaria throughout the United States. Collections
were limited to the area encompassing

153

Table 2. Statistical summary of inter-plant variability in modem A. canescens and A.
confertifolia plants growing along elevational gradients in southeastern Utah and southSite by Site Comparison With ElevatioB'
A. canescens
Elevation
Utah
New Mexico
(meters)
1980 N
-13.60 ± 0.54 (5)
1675 N
-13.69 ± 0.47 (5)
1675 S -11.99± 0.43 (5) -14.22 ± 0.22(4)*
1525 N
-13.96 ± 0.43 (5)
1525 S
-14.42 ± 0.47 (5)
1525 F
1465 F
-12.33 ± 0.57 (5)
1370 N
1370 S
1370 F
-13.08 ± 1.09(5)*
1220 N -12.08 ± 0.52 (4)
1220 S
-12.23 ± 0.39 (5)
-13.66 ± 0.48 (5)
1220 F
ANOVA Results^
F
0.49
2.68
0.69
0.04
P

confertifolia
Utah
-14.33 ±0.59 (10)
-13.76 ±0.58
-13.71 ±0.97
-13.77 ±0.89
-14.45 ±0.77
-13.77 ±0.63
-14.03 ±0.71

(5)
(5)
(10)
(5)
(10)
(3)

-13.47 ±0.41 (4)
-13.46± 1.13 (5)
1.09
0.39

Site to Site Comparison with Aspect (t-test, 2-taiied significance)

A. canescens
Utah
1675
1525
1220

041

A. confertifolia
New Mexico
0.08
0.15

Utah
0.99^
0J9

' Reported as "mean ± standard deviation (n).' N = number of plants used to calculate means.
^ Sites significantly different from each other using both the Tukey and Bonferroni comparisons at the
0.05% level.
§ ANOVA tested the differences between sites along each of the elevation gradients.
^ ANOVA test of sites on three aspects; north, south and flat

northern Arizona and northwestern New Mexico (latitude 32*30'30"N to 37*30'30'*N;
long. 107'0'0"W to 114*0'0"W; elevation 600 to 3400 m). Three samples per decade were
sought from collections spanning the last century (Table 3). Five to ten leaves were
randomly selected from each herbarium sheet. Information concerning each of the

Table 3. Year of collection, locality and elevation of hcfbarium samples used in this study
Collection
Elevation
(Year)

Latitude

Longitude

Elevatioa

(North)

(West)

(meters)

Collection
Year

Longitude
(North)

(West)

(meters)

Atriplex canescens
1884
1895
1928
1928
1934
1934
1934
1935
1936
1938
1941
1941
1942
1950
1959
1960
1961
1961
1963
1966
1967
1969
1970
1971
1973
1973
1974
1976
1977
1980
1984
1994

35.22
36.80
35.17
36.09
35.91
35.77
36.80
35.77

11L48
108.00
111.51
112.12
110.51
108.82
111.03
108.82
110.04
111.28
109.70
110.53
112.03
111.83
110.96
109.07
109.55
111.36
111.83
111.45
111.33
110.67
109.40
109.42
110.06
111.46
111.36
109.55
107.92
107.71
109.05
112.52

20 IS
1798
1860
1240
1798
1953
1860
1984
1643
1829
1674
1736
1036
1372
1550
1922
1984
1581
1524
1333
1433
1488
2015
1860
1922
1922
1674
1940
1922
1990
1750
1649

1935
1935
1936
1937
1937
1938
1939
1940
1941
1945
1947
1948
1950
1952
1953
1954
1960
1960
1961
1964
1966
1967
1970
1971
1972
1973
1974
1975
1976
1978
1978
1979
1980

35.88
35.71
34.99
36.77
36.87
36.17
36.13
35.71
35.87
36.08
36.11
36.13
35.74
36.91
36.72
36.75
36.75
35.06
36.13
36.13
35.78
36.65
36.15
36.13
36.70
34.72
36.70
36.14
36.25
36.80
36.23
35.04
34.81

111.491457
111.491566
110.331550
109.531767
112.321767
111.461581
111.231488
111.491395
111.421302
111.391333
111.221364
111.231550
111.471581
112.591488
110.271705
108.771640
108.491650
110.921581
111.291550
111.391395
111.451457
110.441984
109.541736
109.521717
108.001674
109.781767
108.001674
111.381395
107.572120
111.711333
108.201830
110.341550
109.87

35.00
35.09

110.67
109.80

1488
1550

1984
1986

34.81
36.45

109.871606
109.30

35.05
35.66

109.75
111.52

1676
1643

1988
1992

35.04
35.99

110.661500
113.64

35.24

110.%

1550

34.78
35.16
35.03
35.80
34.77
34.82
35.24
35.33
35.71
35.48
36.71
36.90
36.17
35.00
36.14
36.17
35.57
35.16
35.53
35.72
37.05
36.02
34.55
35.99

Atriplex confertifoHa
1697
1884
1928
1922
1928
1932
1643
1934
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collection sites was recorded from the notes on individual herbarium sheets.
Macrofossil leaves of A. cemescens were isolated from previously-processed
packrat midden material. The loose material was sorted and A. canescens leaves were
identified using standard protocols (Betancourt et al. 1990). Isotopic samples consisted
of 15 to 30 leaves from each midden (Table D). Modem middens were collected to
determine the variability compared to the transect and herbarium data. A. canescens
leaves were isolated from material collected in Chaco Canyon National Monument in
1982. The older midden samples were placed into a temporal framework using
radiocarbon ('^C) dating. The dates were provided by the original researchers and use a
variety of materials including macrofossils and fecal pellets (Table 4). Occasionally,
multiple dates were used to test the accuracy of the initial age determination or establish
contemporaneity of macrofossils within an individual midden (Van Devender et al. 1985).
In this work, if multiple dates were available and fall within three standard deviations of
each other, the dates were averaged. If the radiocarbon dates from an individual midden
were disparate, a judgement was made based upon the material analyzed (Table 4). For
example, a radiocarbon date on associated fecal pellets would be chosen over an odd plant
fragment dated to assure species contemporaneity in the assemblage (Van Devender et al.
1985). Ice-core records of
converted

are reported in calendar years (cal. years B.P.), thus we

ages to calendar years. Radiocarbon dates less than 18,000 radiocarbon

years B.P. were converted using "CALIBRATE" (Stuiver and Reimer 1993). Older dates

T^le4^_Localit^n^^^date^f^^2esc«^^nidd«i^is^niHhi^tU|^
Midden
Name (North) (West)
Four Comcrt Area
Gallo Wash #8
Atlatl Cave#7
Gallo Wash #3
Casa Chiquita #6
Mockingbird Cnyn #11
Werito's Rincon #8
Gallo Wash #5
The Loop #4
Mocldngbtrd Cnyn #4
Casa Chiquita #S
Mockingbird Cnyn #S
Atlatl Cave #6A
Casa Chiquita #3
Mockingbird Cnyn #1
(jallow Wash #7
Casa Chiquita #1A
Falling Arch #S
Long Cnyn. #4
Gallo Wash #1
Gallo Wash #6
Mockingbird Cnyn #3
Casa Chiquita #1B
Casa Chiquita #2
Casa Chiquita #4
Falling Arch #10
Cottonwood Cnyn #6
Werito's Rincon #9

LaL
36.04
36.08
36.04
36.07
36.05
36.03
36.03
37.22
36.05
36.07
36.05
36.08
36.05
36.05
36.04
36.07
37.41
37.40
36.04
36.04
36.05
36.07
36.07
36.07
37.41
37.32
36.03

Long.

Elev.
(meters)

Date

Lab#

Material

107.87
107.98
107.89
107.98
107.92
107.95
107.90
109.74
107.92
107.99
107.92
107.98
107.98
107.92
107.88
107.97
109.63
110.84
107.89
107.89
107.92
107.97
107.97
107.99
109.63
109.58
107.95

1920
1910
1908
2010
1945
2010
1921
1525
1935
1860
1935
1910
1865
1930
1945
1865
1464
1390
18%
1896
1935
1865
1865
1860
1460
1390
2025

40 ± 110
A-3110
90 ±60
A-3119
460± 190
A-1837
480^90
A-3008
500 ± 50
A-3114
520 ±60
A-3195
1070 ±90
A-1840
1170 ±40
A-4585
1230 ±60
A-2113
1610 ±90
A-2127
1860 ± 120
A-2114
1970 ± 160
A.3117
1970 ± 100
A.2125
1990 ±90
A-2110
2160 ±80
A-2109
2360 ± 70
A-2138
2440 ±70
A-4314
2540 ± 140 GX-11195
A-1839
2810 ±90
2820 ± 300
A-1838
3270 ± 90
A-2112
3940±110
A.2129
4780 ±90
A-2124
4920 ± 110
A-2126
5750 ± 120 A-4310
6030±110 A-4316
7940 ± 100
A-3107

Juniperus monosperma
Pellets
Ephedra torreyma
PeUets
Juniperus monosperma
Pellets
Juniperus monosperma
Pellets
Pellets
Pellets
Juniperus monosperma
Pinus edulis
Pellets
Juniperus monosperma
Juniperus monosperma
Juniperus monosperma
PeUets
Pellets
Juniperus monosperma
Mixed Material
Pinus edulis
Pinus edulis
Juniperus monosperma
Juniperus twigs
Pellets
Pellets
Pellets

Central New Mexico (Scvilleta LTER)
Palo Duro Cnyn #7
34.26 106.68
Palo Duro Cnyn #5
34.26 106.68
Palo Duro Cnyn #2
34.26 106.68
Palo Duro Cnyn #6
34.26 106.68
Mesa del Yeso #41A
34.20 106.77
Mesa del Yeso #418
34.20 106.77
Mesa del Yeso #40
34.20 106.77
Sepultura Cnyn #25
34.29 106.63
Sepultiua Cnyn #10A
34.30 106.71
Mesa del Yeso #37
34.20 106.77
Palo Duro Cnyn #17
34.25 106.68
Agua de las Torres #29C 34.26 106.66
Sepultura Cnyn #10B
34.30 106.71
Palo Duro Cnyn #16
34.25 106.68
34.30 106.72
Palo Duro Cnyn #11

1690
1690
1690
1690
1670
1670
1655
1900
1985
1655
1710
1786
1985
1710
1975

0±0
0±0
0±0
250 ±60
510 ± 100
585± 110
650 ±60
990 ±65
1360 ± 70
1455 ± 110
1565 ± 115
1800 ±65
2300 ±80
2430 ± 80
2450 ± 70

Pellets
Pellets
Pellets
PeUets
PeUets
PeUets
PeUets
PeUets
Pellets
PeUets
PeUets
Pellets
Pellets
Pellets
Pellets

A-5458
A-5458
A-5460
GX-16991
GX-16992
GX-16990
GX-17242
A-5501
GX-16987
GX-16995
GX-16980
A-5502
GX-15856
A-5503
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Arroyo de las Tinajas #4 34.09
Agua de las Torres #29A 34.26
Agua de las Torres #31 34.26
Agua de las Torres #34 34.26
34.20
Mesa del Yeso #38
Agua de las Torres #8 34.26
34.26
Palo Duro Cnyn. #3

106.67
106.66
106.66
106.66
106.77
106.65
106.88

1695
1786
1786
1786
1647
1780
1690

2800 ^65
3310 d: 70
3625 ± 140
3765 ± 155
5300 i: 165
9200 ± 160
9240 ± 160

GX-17629
GX-16978
GX-16983
GX-16985
GX-18988
A-S462
A-5498

Pellets
PeUets
PeUets
Pdlets
PeUets
PeUets
PeUets

South-central New Mexico and West Texas

Isleta #1
Picture Cave #1B
Big Boy Cnyn #1C
Rhodes Canyon #2D
Rhodes Canyon #2A
Rhodes Canyon #4
Navar Ranch #5

34.00
31.89
32.88
33.18
33.18
33.18
31.90

106.00
106.15
105.91
106.65
106.65
106.65
106.15

1535
1430
1555
1706
1706
1691
1340

Last Chance Cnyn 14B
Navar Ranch #1C(2)
Rhodes Canyon #3 A
Fra Cristobal #1B(2)
Fra Cristobal #2
Navar Ranch #4B
Marble Canyon #3B
Marble Canyon #4A

32.27
31.90
33.18
33.29
33.29
31.90
32.90
32.90

104.65
106.15
106.65
107.10
107.10
106.15
105.90
105.90

1310
1340
1706
1739
1675
1370
1555
1690

Bishop's Cap #3(A)
Navar Ranch #11

32.18
31.73

106.60
105.98

1463
1340

Rhodes Cnyn. #IB

33.18

106.65

1706

Tip Top #2A
Strceruwitz Hills l:3up
Tank Trap Wash #2
Navar Ranch #lBO

33.18
31.12
31.89
31.90

106.58
105.15
106.15
106.15

1518
1430
1340
1340

Tank Trap Wash 1:3

31.89

106.15

1340

Tank Trap Wash 1:1

31.89

106.15

1340

170 ±80
1700 ± 100
2770 ± 100
3420 ± 170
4340 150
6330 d: 90
7950 ±330*
11360 i: 330
4200 ^600
7530 ± 200
7930 ± 180
9110 ±220
9120 ±500
9260 ± 170
9520 ± 180
9780 ±440
10200 ± 200*
770 ± 340
10260 ± 250
10720 ±250*
7060 ± 350
11670 ± 600*
14920 ± 360
10900 ± 160
14290 ± 290
21200 ±990
>30000

A-4089
A.1726
A-2030
A-3137
A-3136
A-3180
A-2934
A-1646
AA-381
A-2607
A-2617
A.3194
A.2705
A-2637
A.2745
A-2067
A-2068
AA-383
A-1573
A-2935
A-1862
AA-616
A.3134
A-3210
A-1844
A-1722
AA-772

>34000
>34000
>41400
>35000
>42000

A-1644
A-1709
AA-1163
A.1723
AA-1162

Pellets
Opuntia phaeacantha
Opuntia phaeacantha
Opuntia phaeacantha
Opuntia phaeacantha
Pellets
Quecus pungens
Quercus pungens
Fouquieria splendens
Mixed Material
Opuntia phaeacantha
Juniperus sp.
Juniperus sp.
Juniperus sp.
Quercus pungens
Mixed Material
Juniperus sp.
Fouquieria splendens
Juniperus sp.
Pellets
Quercus pungens
Atriplex canescens
Pseudotsuga menziesii
Pellets
Juniperus sp.
Juniperus sp.
Bouteloua
curtipendula
Juniperus sp.
Juniperus sp.
Juniperus sp.
Juniperus sp.
Juniperus sp.

* Radiocaibon dates used in this study.

and Danzer 1993). To remove Ca-oxalate from the tissue a procedure was developed
following Baker (1952) (Van de Water, Appendix A). Holocellulose samples were

1S8

washed in 10% HCl for a period >24 hours with two to three changes of the acid solution.
After the treatments, samples were washed until neutral using deionized water, then dried
prior to loading into glass tubes for combustion and analysis.
The dried samples were removed from their pouches and up to 3 mg weighed for
combustion to COj and HjO. The samples were placed in Vycor* tubes with copper oxide
to provide excess oxygen during combustion. Sample tubes were evacuated and torch
sealed, then burned at 900° and 650° for two successive 2-hour periods. All tubes were
cracked in vacuo and the COj ciyogenically isolated, then measured on a Finnigan MAT
Delta-S* mass spectrometer. The

results are reported with respect to the

internationally-accepted PDB standard (Craig 1957). The modem and herbarium samples
were corrected to whole tissue following Van de Water (Appendix A) (-2.4996o). To
facilitate direct comparison with the study of Marino et aL(\992) midden values were
corrected to nitrocellulose (1.4S%o). Each batch of 10 samples was accompanied by a lab
standard consisting of either white spruce cellulose, a C, signature, or sucrose with a C4
signature. The standard C, value has been determined to be -23.83 ^ 0.02 (n = 164) and
the C4 standard -11.04 i: 0.03 (n = lOS). Standard values analyzed during this study
resulted in values for the modem transects (C3 = -23.73 ± 0.19, n = 15; C4 = -11.00 ±
0.09, n = 33), herbarium samples (C4 = -11.04 ± 0.10, n = 15), modem middens (C3 =
-23.87 ± 0.02, n = 2; C4 = -11.01 ± 0.05, n = 4 ) and paleo-midden analysis (Cj = -23.80
± 0.10, n = 10; C4 = -10.97 ± 0.17, n = 19). Throughout the study standard deviations
fell below 0.2%a, the estimated overall laboratory error. A 10% replicate analysis was also
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Figure 2. Comparison of holocellulose and treated holocellulose for the removal of
calcium oxalate. Samples consist of site values along the modem transects in
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percentile of the data, whereas the line within the box marks the 50* percentile. The
capped bars define the 10* and 90* percentile. Removal of the Ca-oxalate resulted in
statistically significant reductions in the absolute 6"C values and significantly reduced
variability.
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done on randomly chosen holocellulose and treated holoceilulose samples to ensure
reproducibility. Initial and replicate values exhibit a strong correlation in both A.

canescens (r^ = 0.88; n = 5) and A. confertifoUa (r^ = 0.97; n = 6 ).

Results and Discussion

Modem Transects
Modem plants were sampled in 199S during the late spring of in Utah and late
summer in New Mexico, to examine intra- and inter-plant variability along different slope
aspects and elevational gradients. Initial analysis of Atriplex conferiioiia and A. canescens
indicated a wide range of values occurring at each of the sampling localities. Inter-plant
and inter-site 6"C comparisons exhibited differences ranging as great as 6-7%o. The
associated standard deviations were greater than 2%o for A. confertifoUa and more than

l%o for A. canescens (data not shown) and are consistent with previously reported values
from other Atriplex species (Bender 1971, Farquhar et al. 1982, Hatch et al. 1972,
Troughton et al. 1974). This contrasts, however, with the low variability of -11.90 ±
0.14%o reported for samples of Setaria macrostachya and S. leucopila, €« grasses,
collected in 1990 by Toolin and Eastoe (1993). In addition, A. confertifoUa leaves
collected in 1988 at randomly-selected sites from California to Wyoming yielded values of
-12.30 ± 0.11 (Marino et al. 1992). The disparity between the constrained Atriplex value
and the results of this study's isotope results suggested potential methodological
problems. Nitrocellulose was used in the Marino et al. (1992) study whereas Toolin and
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Eastoe (1993) determined values from whole tissue and cellulose. Differences between
the tissue types, whole tissue, holocellulose and nitrocellulose, have been found to be
significant (Van de Water, appendix A), but, each exhibits similar levels of variability.
The wide range of values in the initial analyas led to the examination of the original
holocellulose for possible contaminants. Microscopic analysis detected residual calcium
oxalate (CaC204 xHjO) crystals throughout the tissue.
Ca-oxalate crystals are a common component of plant tissue (Fr<uiceschi and
Homer 1980, Franceschi and Loewus 199S) and are known to incorporate carbon with
significantly different 6"C signatures (Hoefs 1969; Rivera and Smith 1979).
Methodologies were developed to remove the Ca-oxalate (Van de Water, appendix A),
and the purified holocellulose was re-analyzed. Treated samples were significantly more
negative compared to non-treated samples (A. canescens Utah; df = 19, p(t) = <0.01; New
Mexico; df = 43, p(t) = <0.01: A. confertifolia Utah; df = 53, p(t) = <0.01). In addition,
the variance was reduced in the treated samples (Utah A. canescens; p(F) = <0.01: Utah
A. confertifolia, /^(F) = <0.01: New Mexico A. canescens, p(^ = <0.01). Overall, the

removal of the Ca-oxalate from the tissue resulted in consistently lighter 5"C values that
are closer to the nitrocellulose values reported by Marino et al. (1992). Because of the
reduced variability, the results from this study are reported throughout using holocellulose
free of residual Ca-oxalate crystals.
Intraplant variability was tested by analyzing leaves from each of the four cardinal
directions in five A. canescens plants collected from 1710 m in the Sacramento Mountains
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of New Mexico (Table 1). The maximum standard error of the mean of the measurements
from the four cardinal directions fell below 0.20Ko for each of the plants (Table 1), a value
that matches the estimated laboratory error of 0.2%o. The sampling strategy was designed
to pool samples from each plant thus homogenizing and reducing intraplant variability.
Differences in the 6"C signature of different plant organs were tested by analyzing leaves
and seeds of plants growing in test fields at the University of Arizona Campbell Avenue
Farm in Tucson, AZ, at the Sevilleta LTER in central NM, and outside Alamogordo NM.
The seed values exhibited an average 1.08%o enrichment in

compared to leaves from

the same plant (Table 1). The difference between the two sample types, leaves and seeds,
resulted in the use of only leaves throughout this study. Identification of leaf and seed
material is crucial to ensure comparability across the study results, especially in A.

confertifolia samples where seed and leaf morphology are similar.
Overall, the modem A. confertifolia transect exhibits more inter-plant and intersite variability compared to the A. canescens collections (Figure 2; Table 2). However,
the standard error of the mean for the A. confertifolia sites is 0.1 l%o, the A. canescens
sites are 0.1496o in Utah and 0.12%o in New Mexico. Exclusion of the highly variable
1370m site in New Mexico lowers the standard error to 0.10%o. Analysis of the Utah A.

confertifolia and A. canescens sites revealed non-significant differences with elevation in
t h e 6 ' ^ C values. T h e N e w M e x i c o s i t e s w e r e statistically different ( F = 2 . 6 8 , d f = 6 , p=
0.04) because of a large range of values at 1370 m that was significantly enriched in 6"C
compared to the most negative sites at 1S2S m site, but statistically indistinguishable if the
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variable 1370m site is removed (F= 1.816,df=5, /> = 0.15). Comparisons of sites at the
same elevation, but on different aspects, lack significant differences as well (Table 2). The
range of values across each gradient was tested to detect significant changes in variability
among sites. No significant differences were detected in the sites containing A.

confertifolia (df =l,p = 0.67), the Utah transect of A. canescens (df = 3, /> = 0.54) and
the New Mexico A. canescens if the 1370m site values are removed (df = 5, /> = 0.84).
Although the A. canescens values appear homogeneous, large differences occur between
the two populations. The sites in Utah are significantly enriched compared to those in
New Mexico (df = 61, p(t) <0.01), although as noted above the range and variability
remain similar (Table 2).
Theoretical models of carbon acquisition (Farquhar 1983) and observations in C4
plants (Marino and McElroy 1991) suggest that the conversion and transportation of CO2
to the site of fixation provides a reliable proxy record of the 6"C content of the
assimilated atmospheric CO2.

values across both transects and both species support

this conclusion by exhibiting constrained values, excluding the highly variable site of A.

canescens at 1370 m in New Mexico. A similar comparison of modem plants found
consistent values in Atriplex confertifolia (Marino et at. 1992). However, a wide
difference, l.6%o, exists between the reported values in this study and that of Marino et

al. (1992), who used nitrocellulose for analysis. The difference between the two records
could result fi-om changes in atmospheric

between the sampling periods. Average

global atmospheric 6"C became 0.3396o lighter between the collection years 1988 and
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1994 (Whorf pers. com.)- In addition, differences between treatments, nitrocellulose and

holocellulose, call for an adjustment of - 1.4S%o (Van de Water, appendix A) in the
modem transect samples to standardize all values to nitrocellulose. The average A.

confertifolia 5'^C values were corrected to nitrocellulose values of - lS.3396o and the
average A. canescens values to - 13.68%o and - lS.23%o for the Utah and New Mexico
transects, respectively. Variability among sites is constrained in the Marino et al. (1992)
record to 0.1 l%o, whereas along the A. confertifolia transect the standard deviations is
0.34%o. Differences in variability may result from separate sampling strategies. Marino et

al. (1992) pooled leaves from five plants growing in close proximity for a single site value
then pooled multiple sites, whereas the isotopic signatures from leaves of individual plants
were analyzed and a site average calculated in this study. The standard error of the mean
values for the transect data, 0.13%o, is comparable to Marino et al. (1992)
Analysis of the modem transect A. confertifolia returned a A value of 7.13i:
0.8S%o which is much greater than the 4.42 ± 0.03%o found by Marino et al. (1992).
However, using our relationship between the 6"C of plant material and A (eq. 2), current
atmospheric 6"C was reconstructed at -8.22 ± 0.83%o. The estimated global atmospheric
6"C value for 1994 is -8.27%o (Whorf pers. conrni.), a difference of only 0.05%o. The
C/C, ratio used in the calculation, 0.44 (Marino et al. 1992) resulted in a calculated

leakage factor,

, of 0.58 ± 0.07. This leakage factor is larger than previously reported

values of 0.36 (Marino et al. 1992). The high 4> values are supported by previous studies
showing more negative

values throughout the Atriplex genus (Smith and Epstein
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1971, Bender 1971, Farquhare/a/. 1982, Hatch e/a/. 1972, Troughton e/o/. 1974). The
good correspondence of the calculated atmospheric 6"C with the measured global value
was achieved with the mean of 66 different plants. The variability inherent within the A.

canescens populations necessitates the use of large numbers of samples to reconstruct
atmospheric 5"C values. If the same analysis had used only single sites composed of five
plants, estimates of atmospheric 6"C would have ranged from -7.79 to -8.66%o.

Atriplex sp. operate under the NAD-ME (nicotinamide adenine dinucleotide
malicenzyme) subtype of €« physiology, which is known to exhibit large amounts of COj
leakage from the bundle sheaths. For example, values as negative as - 18.3%o and
- 19.4%o are reported for A. semibaccata and A. rosea, respectively (Smith and Epstein
1971; Bender 1971). However, values of-11.1%o (Hatch e/a/. 1972) and - 14.3%o
(Troughton et al. 1974) have since been reported for A. rosea. Leakage factors as high as
0.7S have also been detected in NAD-ME grasses grown under shade and drought
conditions (Buchmann e/a/. 1996). Physiological parameters differ between the two ^4.

canescens populations. Calculated values of 4> (eq. 1), using a C/C, ratio of 0.44
determined for A. confertifolia (Marino et al. 1992), resulted in average values for^^.

canescens growing in Utah of 0.47 ± 0.05 and in New Mexico of 0.59 ± 0.06. A (eq. 1)
was calculated at 5.42 ± 0.62Xo in the Utah and 7.03 ± 0.6S%o in the New Mexico
samples. Using calculated discrimination Actors for each population,
reconstruction (eq. 2) values are -8.26 ± 0.60 (n = 20) and -8.22 ± 0.67%o (n = 34) for
the Utah and New Mexico populations, respectively. Values are < 0.05%o higher than the
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Figure 3. 6'^C values of Atriplex confertifolia and Atriplex canescens herbarium
samples collected over the last century in northern Arizona and northwestern New
Mexico. The trend of atmospheric 6"C and CO2 was provided by Bert et al. (1997).
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determined average global

in 1994 of-8.27%o (Whorf pers. comm.). Part of the

difference in these measurements may result from collection at inland sites where
has been found lighter (less "C). Keeling (1961) first reported that isotopic depletion
occurred at inland versus coastal sites; analysis of 6"C^ at Kitt Peak Observatory, AZ,
indicated a value 0.2%o lighter than coastal values during 1983-1984 (Leavitt and Long
1989).
The differences between the estimated discrimination and leakage values suggest
that the populations may represent distinct ecotypes. Both species of Atriplex exhibit
distinct races and ploidy levels throughout their western ranges (Sanderson et al. 1990,
Stutz and Sanderson 1979). A. confertifolia has been differentiated into two
morphological types, one in the Great Basin and the other on the Colorado Plateau. The

A. canescens populations were also sampled from areas exhibiting distinct varieties and
ploidy levels. The 4n polyploid variety is widespread throughout western North America
and would have been collected along the Utah transect. In south-central New Mexico
diploid populations (2n) are thought to be relict eastward extensions of southern Arizona
communities (Stutz and Sanderson 1979).

Herbarium Material
To use C4 plant material as a proxy for past

levels, reconstructions must

track historic changes in the atmospheric concentration of carbon isotopes. In addition, as
was demonstrated from the modem transects, samples can show significant levels of intra-
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and intersite variability. To overcome these constraints large data sets are needed to
determine past

levels. Herbarium material was garnered from historic collections

made over the last 125 years from the Four-Comers area of Arizona, Colorado, New
Mexico and Utah. Location information and the year of collection for each sample are
listed by species in Table 3. During the period covered by these collections, atmospheric
5"C became more negative by ~1.7%o from the increase in fossil-fliel burning and

changing land-use practices (Figure IXKeeling et al. 1989, Whorf pers. comm.).
Initial analysis of the herbarium samples revealed a wide range of values similar to
the modem transects. After treatment to remove Ca-oxalate crystals, the spread of 6"C
values in A. confertifolia remained the same, but the range in A. canescens was reduced.
We reconstmcted discrimination and leakage, 0, using the factors calculated from the
modem communities in Utah. Throughout the analysis the resulting standard deviations
were greater for the herbarium data compared to the modem transect values. This
variability is attributed to the sampling of single branches and limited numbers of leaves
(10) from each herbarium sheet. Calculated parameters €ot A. confertifolia, using 6"C^
values provided by Bert et al. (1997), resulted in discrimination values of 6.26 ±. 1.29%e
and a leakage factor,

of 0.51 ± 0.11. The discrimination values for the herbarium

material was 0.87%o less than the modem material, whereas the leakage fiictor was
reduced by 0.07. Both parameters show statistically significant differences from the
modem transect values (df = 94, p(t) = 0.007; df = 94, p(t) = 0.003) . In A. canescens,
we obtained a discrimination value of 6.09 ± 1.539^ and <f>dX 0.50 ± 0.12. These values
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are also significantly different fi-om their modem counterparts (df = SO, p(t) = <0.001; df=
SO, p(t) = <0.001)

In A. canescens, ^values increase after 1976 rising fi-om 0.S2 (1969

to 1974, n = 6 samples) to 0.70 in the years between 1976 and 1994 (n = S samples). A
similar response was not detected in A. confertifolia where the pre- and post-1976
samples return leakage values of approximately 0.54.
Comparison of the

values with the record of atmospheric 6"C and CO2

provides interesting insight into the physiological adaptation of plants to the last 200 years
of changing conditions. The scatter of A. confertifolia values center around the overall
decrease in the atmospheric 6"C values (Figure 3). The paucity of samples fi-om the
earlier years, 1890 to 192S, makes interpretation of the overall record difficult, and points
to the need for large numbers of samples to portray changing atmospheric conditions
accurately. The results fi-om the A. canescens samples are more problematic (Figure 3).
Isotopic enrichment in the older samples and depletion in recent collections appear to
track atmospheric CO2 enrichment better than the record of

The close linkage

between changes in 6"C and atmospheric COj during industrialization and the sample
variability precludes the determination of the contribution of each to the 6'^C of each
plant sample. However, the shift in calculated leakage values in recent samples is
consistent with the findings reviewed in Farquhar (1983), where discrimination and
leakage increased with heightened levels of atmospheric COj. A similar depletion of nearmodem samples was recorded in the analysis of Setaria sp. (Toolin and Eastoe 1993).
Yet, the depletion in reconstmcted

values for 1990, 0.5%o, was explained as
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inherent differences occurring with inland versus global atmospheric values, and not
physiological responses to heightened atmospheric CO2 levels. A collection of herbarium
samples of €« plants, Amaranthus caudatus and Cynodon dactyltm, from Catalonia
(Pefiuelas and Azcon-Bieto 1992) also trend toward lower

values in modem samples,

however the most recent samples return to higher d"C values. Overall the herbarium
record suffers from discontinuous sampling and limited sample availability.

Packrat Middens
This study used macrofossils of A. canescens leaves isolated and analyzed from
packrat midden sites in the southeastern Colorado Plateau and northern Chihuahuan
Desert (Table D). The history of each individual macrofbssil is unknown, but each midden
assemblage is placed into a temporal framework using radiocarbon dating. Researchers
have estimated that each occupation of a midden represents a few years at most (Wells
1976, Thompson 198S), but multiple occupations of a single site are common (Spaulding

et al. 1990). The relationship between the macrofossils contained within middens and the
source plants is unclear. However, the animals collect from an area within approximately
50 m surrounding the nest. Nevertheless, the temporal resolution is uncertain, for example

leaves from a single midden may come from one or several individuals over a few months
to perhaps centuries. Because of this inherent variability, modem midden samples were
analyzed to compare the range of values with the modem transect and herbarium material.
A mean value of -13.75 ± 0.28%o was found fori4. canescens leaves from 18 modem
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Figure 4. Comparison of the 5"C values of A. canescens leaves from modem middens,
modem transect values from Utah and New Mexico, and herbarium samples collected
over the last 100 years. Modem middens were collected in 1982 so the values were
corrected by -0.61%o which is the difference in atmospheric fi"C between the two
periods. There were no significant differences between the modem Utah samples and
the modem middens from Chaco Canyon National Cultural Park (p = 0.999).

middens collected in 1982 from Chaco Canyon Cultural Historical Park in New Mexico
(Figure 4). The modem midden sample values were corrected by -0.61%o, the change in
between the midden collection year 1982 and that of the modem transects. The
modem midden fi"C values were not statistically different from the Utah transect samples,
but differed significantly from isotopically lighter values in New Mexico and the herbarium
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samples (Figure 4). Only the herbarium samples that were collected 20 years before the
collection of the modem middens (1962-1982) were used in the comparison.
Carbon isotopic analysis of Atriplex canescerts leaves are reported for 67 middens
spanning the last 40,000 radiocarbon yrs B.P. (Figure S). Radiocarbon dates associated
with each midden were converted to calendar dates (calendar years B.P.) to allow
comparison with other records of atmospheric isotopic change (Table 4). The material
from both the Four Comers Area and the Sevilleta LTER in central New Mexico, span the
period from modem to approximately 10,000 calendar years B.P. The Four Comers
record consists of 27 middens whereas 20 middens were analyzed from the Sevilleta
LTER site. Only 20 middens represent the last 40,000 years from sites in south central
New Mexico and west Texas. Atmospheric 8"C values from ice-core records (Figure 5)
are presented for comparison with each of the records. In all cases, the midden record is
more variable than the ice-core reconstructions of atmospheric 6"C.
Values corrected to nitrocellulose from the packrat middens were divided into
three periods for comparison; samples dated from 0 to 12,000 calendar years B.P.
represent the "Holocene," 12,000 to 15,000 as the "transition" from the Pleistocene to the
Holocene, and those greater than 15,000 calendar years B.P. as "full glacial" following
Van de Water et at. (1994). Using these divisions, the Holocene is well represented (n =
57), but the transition period (n = 12), and the Pleistocene (n = 6) have substantially fewer
samples. Carbon isotopic values, corrected to nitrocellulose are -13.07

0.10%o for the

Holocene, -13.12 ± O.2596o for the transition, and -13.11 ± 0.52%o for the glacial period.
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Figure S. Plots of the 5"C values from packrat middens collected in the Four Comers
area, central New Mexico, as well as south-central New Mexico and west Texas.
Values are compared with changes detected in the atmospheric 6"C values recorded
in the ice cores (Figure 1). The solid line represents an 8* order polynomial curve (r^
= 0.64) applied to 6''C ice-core values for the Holocene and Pleistocene (Figure 1).
The high polynomial order was chosen because the small changes in the ice-core
record are undetectable at lower orders. Four west Texas middens older than 20,000
years B.P. are plotted to the right of the time series.

The decreasing number of samples is reflected in the increasing standard errors. However,
the variability of sample values between groups showed no significant differences (df = 70,
p = 0.6S) using a test of homogeneity of variance. Using one-way analysis of variance, no
significant differences were found among the three periods.
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Marino et al. (1992) argue for a 0.7 to 1.0%o shift toward higher

values

between the Pleistocene and the Holocene. 6'^C values from gas trapped in ice cores
suggest an isotopic enrichment of 0.3Xo between the Pleistocene and Holocene
(Leuenberger e/a/. 1992). The Taylor Dome record shows more variability during the
transition but records a 0.2%o enrichment between the Pleistocene and Holocene (Smith et

al. 1999). The inherent variability associated with the packrat midden data in this study
precludes a precise calculation supporting either data set. In addition to differences
detected between the Pleistocene and Holocene

values, a shift in atmospheric

during the Holocene was reported from the Taylor Dome ice-core (Indermuhle et al.
1999). Atmospheric values become 0.3%o less negative from approximately 8,000 to
6,000 calendar yr B.P. then return to lighter values until industrialization begins

approximately 200 years ago (Indermuhle e/a/. 1999). The record of Toolin and Eastoe
(1993) appears to support the less negative values during the middle Holocene. In this
study, the data from south-central New Mexico parallel the trend in the atmospheric
values from the Taylor Dome ice core. The Holocene values from south-central New
Mexico and west Texas are highly variable, and although they center around the ice core
5'^C values, they provide no real precision in determining past values (Figure S). The shift
in 5'^C of leaf tissue may reflect changes in the individual plant populations such as
changes in the variety or races at each of the sites (Stutz et al. 1978, Stutz and Sanderson
1979). The inherent variability associated with all of the packrat midden data in this study
precludes support of the ice core or previous packrat midden

data sets.

175

Using reconstructed ice core

values (Figure 1; Figure S), physiological

parameters were calculated for the fossil material from the Four Comers, central New
Mexico, and south-central New Mexico and west Texas. The C/C. value of 0.44 was
used throughout following the values established in modem populations (Marino et al.
1992), whereas estimated atmospheric

for each date was calculated from the ice-core

records (Figure 1). Holocene values in the Four Comers population for leakage and
discrimination were 0.53 and 6.57%o. The reconstructed mean ± S.E. for atmospheric
5"C is -6.47 ± 0.1 l%o, a value close to the reconstructed Holocene average of-6.4S%o.
The central New Mexico Holocene middens yielded values of 0.56 and 6.86%o for leakage
and discrimination respectively. Reconstructed atmospheric 6"C is -6.45 ± 0.14%o.
Parameters were not calculated separately for the two middens that date to the transition
period from the Sevilleta LTER record. The south-central New Mexico and west Texas
middens were divided into the three periods of the Holocene, transition, and Pleistocene.
During the Holocene leakage and discrimination values were 0.55 and 6.76%o, whereas
reconstructed 6"C^ was -6.44 ± O.3896o. During the transition leakage and
discrimination were reduced to 0.54 and 6.62%o, respectively, and the reconstructed
5"C^ was -6.67 ± 0.29%o, a value 0.23%o lighter than the Holocene. The Pleistocene
middens span the greatest period of time and have reconstructed leakage and
discrimination values of 0.48 and 5.91. As in the transition period, reconstructed
Pleistocene 8"C^ was -6.97 ± 0.39%o, a value O.5396o lighter than the Holocene value.
Combining all of the midden values, reconstructed

values fall within 0.02%o
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of the average ice-core value (Figure 1). The Pleistocene to transitiofi reconstructed
values become less negative; a trend similar to the Byrd and Taylor Dome ice cores
(Leuenberger et al. 1992; Indermuhle et al. 1999; Smith et cd. 1999) and other midden
studies (Marino et al. 1992). The overall shift between Pleistocene and Holocene
calculations in this study is O.S3%o which is midway between the estimates from the Byrd
ice core, 0.3%o (Leuenberger et al. 1992) and those from Taylor Dome, 0.2%o, reported in
Smith et al. (1999) but calculated using the periods defined herein. In comparison the
estimated shift in

reconstructed from Atriplex confertifolia is 0.7 to 1.0%o (Marino

etal. 1992).

Conclusions
Low 5"C variability among leaves removed from different sides of each plant
implies that individuals integrate changing microenvironmental conditions during
photosynthesis. However, plants growing within proximity to each other show greater
variability with individual site values of up to 2.6%o in A. canescens and 3.5%o in A.

confertifolia. The less variable

values in modem leaf material of Marino et al. (1992)

is only supported if the standard error of the mean is calculated as a measure of variability.
This difference may result from the type of sampling strategies used in each study.
Reconstructed atmospheric 6"C using the results of the modem transect data yielded
values within 0.05%o of measured
atmospheric 6''C into their leaf tissue.

Modem Atriplex sp. appears to be recording
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The use of herbarium material to reconstnict historic

changes revealed high

levels of variability occurring among samples. Comparison of the herbarium samples with
the ice core record of changing atmospheric 6"C and CO2 indicates that A. confertifolia
tracks changing atmospheric d"C. However, A. canescens analysts showed isotopic
enrichment in older samples and depletion in younger samples, which appear to track
changing atmospheric COj values to a greater degree than atmospheric 6"C. The
mechanisms for this currently are not understood. The herbarium record suffers firom
limited samples, and a limited number of leaves from each sample.
Leaves from 75 packrat middens were used to determine the potential of using

Atriplex sp. as a proxy for past atmospheric

values. Modem middens were collected

and compared against material from the modem transects and herbarium samples.
Average values were similar to the nearby modem transect data with the offset being close
to the change in atmospheric 5"C between the two collection periods. Reconstructions of
atmospheric 6"C using leaves from middens do not show a significant difference between
Holocene populations and those from the transition period into the Pleistocene. However,
the older samples are fewer and span a greater period of time. Holocene midden samples
from the Four Comers, trend toward isotopically lighter values in the older samples and
may represent a change in the population. Reconstructed atmospheric d"C shifts over the
three periods fall between the larger estimate of Marino et al. (1992), 0.7 to 1.0%o, and
those of Leuenberger et al. (1992), at 0.3%o. Over the entire midden record,
reconstructed physiological parameters such as discrimination and leakage, are more
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similar to the modem New Mexico populations than their Four Comers counterparts.
Reconstruction of physiological parameters suggest that the Holocene to Pleistocene
midden material is closer to modem diploid populations growing in southern Arizona and
New Mexico than to the current tetraploid conununities in Utah.
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Abstract
Samples of major floral elements were collected along two elevational transects in
the southwestern United States to examine changes in 6"C values with elevation and
slope aspect. Samples included representatives of Cj, C4 and both obligate and facultative
CAM plants. This study found that: 1) within C, plants, significant differences exist
between the taxonomic groups Gymnospermae and Angiospermae, 2) along each transect,
5'^C in C3 plants decreased with elevation which is opposite to previous findings in more
humid regions; apparently drought stress at lower elevations more than offsets the
influence of pCOj and pOj gradients on the

3) plants growing on south- versus

north-facing slopes were more negative in 66% of the sites and were significantly different
in Juniperus osteosperma and Amelanchier utahensis, 4) isotope values in C4 plants
changed little across each gradient, although the Utah population of A. canescens is
significantly higher 6"C values than New Mexico and variability is greater in A.

confertifolia than in A. canescens, 5) the obligate CAM plant Opuntia spp. changed little
with elevation in Utah but the New Mexico population showed a significant correlation
influenced by extreme 5"C values at the ends of each transect, 6) the fiicultative CAM
plant Yucca baccata showed consistent isotope values typical of primary CAM fixation in
Utah and New Mexico, but values typical of greater C3 fixation were found at the
uppermost and lowermost collection sites in Utah, and 7) the facultative CAM plant Y.

glauca values show predominantly C3 photosynthesis across the entire Utah transect.
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whereas the Y. elata values in New Mexico suggest both CAM and C, physiological
processes. Overall this study shows that intrasite variability of plant 5"C is in most cases
as great as systematic changes along elevational gradients. Application of 6"C correction
factors for elevation are unwarranted.
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Introduction
The carbon isotope content of leaf tissue is a measure of the interplay between
CO2 difilision into the leaf and fixation through photosynthesis (Farquhar et al. 1989;
Ehleringer 1993a). Intra- and interplant and interspecies variability has been related to
physiological functions of leaf conductance, photosynthetic capacity, hydraulic
conductivity and water-use efficiency (WUE) (Woodward 1986; Komer et al. 1988;
Farquhar et al. 1989; Ehleringer 1993a). However, because the conductance of COj into
a leaf results in open stomata and a pathway for plant-water to transpire from the leaf
interior, environmental conditions of soil moisture availability and humidity also influence
plant carbon isotopes (Winter et al. 1982; Madhaven et al. 1991; Ehleringer 1993a).
Previous studies have taken advantage of temperature and precipitation gradients with
elevation to study the effect of changing environmental conditions on the carbon isotope
values in natural plant communities (Komer et al. 1988, 1991; Marshall and Zhang 1994;
Nowake/a/. 1999; Sparks and Ehleringer 1997; Vitousek 1988, 1990). 6"C enrichment
with increasing elevation has been ascribed to changing temperature (Komer et al. 1988)
and pCOj and/or p02 gradients (Kelly and Woodward 199S). However, much of this
research has been conducted in humid regions where moisture availability varies little with
elevation. In semi-arid regions, such as the southwestern U.S.A., climatic gradients are
steep with elevation, reflected by the transition from desert lowlands into forested
highlands. Plants at low elevations must endure both seasonal (arid fore-summer) and
longer-term drought that should produce 6'^C enrichment at lower, drier elevations.
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Surveys of carbon isotope variability across gradients have targeted single and/or
multiple species across a range of elevations and latitudes. For example, Kdmer et cd.
(1988) sampled multiple C3 angiosperm species from the miyor mountain ranges of the
world. They found that 6"C increases with altitude resulting from decreased carbon
uptake by carboxylation, also represented as a reduction of the C/C, ratio. Additional
cross-species comparisons with elevation and latitude, reported from the tropics to the
poles, showed significant correlations with elevation and temperature (latitude) (Komer et

al. 1991). However, Kelly and Woodward (1995) have since reanalyzed both data sets
using a cladistics approach to eliminate possible effects of shared common ancestors.
They concluded that

does not increase with latitude and attributed the 6"C

enrichment with elevation to changes in PCO2 and/or pOj, rather than temperature.
Marshall and Zhang (1994) found strong correlations with elevation in conifers growing in
the northern Rocky Mountains, eastern Washington State and British Columbia Canada.
They reported less negative isotope values, increased water-use efficiency and reductions
in C/C. ratios at upper elevations. Vitousek et al. (1988, 1990) report increased fi"C at
upper elevations in Metrosideros polymorpha growing along elevation transects in the
seasonally wet and dry climatic zones of Mauna Loa Hawaii. Meinzer et al, (1992),
however, later failed to find any significant correlations between 6'^C and altitude in

Metrosideros.
In arid western North America, steep environmental gradients with elevation and
slope aspect provide a suitable stage for examining isotope variability in plants. Incident
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solar radiation varies dramatically on north- versus south-facing slopes, with strong effects
on plant community composition and structure. Environmental lapse rates and orographic
effects produce steep gradients of decreasing temperature and increasing precipitation
with elevation. Hypothetically, pCOj and PO2 gradients increase water-use efficiency at
high elevations by increasing carbon assimilation, whereas both higher temperatures and
reduced precipitation increase WUE at lower elevations and on south-facing slopes from
reduced conductance. The resulting offset of these two phenomena has been identified but
not elaborated in the isotope literature (Lajtha and Getz 1993). At stake is conventional
use of 5'^C corrections for elevation in historical studies and cross-site comparisons that
rely on data from more humid areas or a mix of environments (Van de Water et al. 1994)
The 5"C signature of a C3 plant leaf is an integration of stomatal and mesophyll
resistance to the uptake of atmospheric CO2 (Farquhar et al. 1980; O'Leary and Osmond
1980; Vogel 1980; Farquhar et al. 1982). If stomatal resistance is high, the influence of
enzymatic discrimination is diminished and

values are enriched. On the other hand, if

resistance is reduced the relative influence of enzymatic discrimination increases and
favors

depletion during fixation.

fractionation during photosynthesis can be

expressed by the relationship

where a is 4.4%t, b is 27%» which is a combination of both RuBP carboxylase and PEP
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carboxylase, and C/C, is the ratio of internal to atmospheric COj (Ehleringer 1991). The
C/C, ratio represents a balance between diffusion, stomatal resistance and mesophyll
resistance to carbon fixation (Ehleringer and Cerling 1995).
In C4 plants, photosynthesis is displaced spatially and concentrated in the bundle
sheath cells. COj enters the mesophyll and is carboxylated by PEP-carboxylase,
transported to the site of fixation, decarboxylated and fixed using the C, photosynthesis
cycle. High concentrations of CO2 dampen enzymatic fractionation resulting in heavy
values driven primarily by diffusion. During fixation, C02 may leak from the bundle
sheath cells into the mesophyll and be fixed by C3 photosynthesis, depleting the 6"C
content of the tissue. C4 carbon isotope discrimination is best described as

=a

-5)0-a)C/C„

v^here a and the C/C, ratio are the same as equation #1,
PEP carboxylase (-5.7%o at 30°C),

{Eq. 2)

is fractionation by the enzyme

is the fixation of carbon using the C3 Rubisco

pathway, s is the fractionation occurring during leakage out of the bundle sheath cells
(1.8%o) (Henderson et al. 1998) and <i> is the fraction of carbon fixed in the mesophyll
after leaking from the bundle sheath cells. Variants identified by the four-carbon acid
transported to the bundle-sheath cells and the three-carbon acid returned to the mesophyll
have been identified as having distinctive Rvalues (Buchmann et al. 1996).
Crassulacean Acid Metabolism (CAM) plants regulate carbon acquisition
temporally by acquiring COj during the nighttime when evapotranspiration is minimized.
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During daylight the stomata close and the stockpile of carbon is fixed through
photosynthesis. The concentrating mechanism maximizes photosynthesis and restricts
water-use. Two photosynthetic variants are recognized. Facultative CAM plants shift
their physiologies between CAM cari>on fixation mechanisms and C, photosynthesis
during favorable environmental conditions, whereas obligate CAM plants fix carbon only
through CAM physiology. CAM physiology is not affected by leakage, as in C4 plants,
thus their 6"C is less variable (Vogel 1993). Therefore, obligate CAM photosynthesis
produces heavy (more "C) values that reflect discrimination principally {{"om diffusion
processes and facultative CAM fixation results in 6'^C signatures spanning the C, to C4
continuum.
The carbon isotope composition of plant material provides a long-term integration
of physiological activity (Ehleringer 1988). The discrimination (A) of the plant against "C
is tied to the C/C, ratio and is tightly correlated with water-use efficiency (WUE).

Discrimination = A =

—
1 +6"C/lOOO
p

{Eq. 3)

In addition, analysis of historic and pre- historic material can be compared using A
because of the removal of changing fi'om

the 6"C^-. value using the relationship

Calculation of the intrinsic WUE value assumes that leaf temperatures and the leafto-air vapor deficit have remained constant (Farquhar et al. 1982; Ehleringer 1993b).
WUE is the ratio of the amount of carbon assimilated to the water conducted from the leaf
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tissue and is best described as
WUE=Alg^{C^-C,)l\.6

{Eq. 4)

where A is assimilation, g is conductance, and 1.6 is the ratio of difiiision rates of COj to
H2O. Because

is assumed to be constant over the span of each gradient then

and A should be directly correlated with WUE.

Geographic Setting
The Utah gradient spans 1S25 m, from the lowest sites at 1220 m in Blue Notch
Canyon, near the Colorado River, (37*44*52" N, 110*23'24"W; San Juan County, UT) to
Bear's Ears at 2745 m (37*373 PN, 109°52'29"W; San Juan County, UT). The area is
underlain by sandstones, siltstones and shales that have eroded to form a landscape of
plateaus dissected by deep and intricate canyons. The exposed sandstone rimrock consists
of Permian Cedar Mesa Sandstone and Organ-Rock tongue of the Cutler Formation,
Triassic Chinle Formation and the Jurassic Wingate Formation (Stokes 1986; FGntze
1988).
The New Mexico gradient spans 1675 m, from desert scrub at 1220 m near
Alamagordo (33 °9' N, 105° 01' W; Otero County, NM) to mixed-conifer forest at 2895 m
near Cloudcroft (32''48'56" N, 105°47'28" W; Otero County, NM). The Sacramento
Mountains of New Mexico are a north-to-south trending, faulted Paleozoic reef complex
that defines the eastern edge of the Tularosa Basin. The underiying geology is composed
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of limestone from the Pennsylvanian Holder, Beeman and Gobbler Formations and
Permian limestones from the San Andres Formation, Yeso Formation, Hondo member of
the San Andres and Abo Formations. Low elevation sites are characterized by Quaternary
alluvium shed from the mountain front (Pray 1961).
Average mean monthly maximum and minimum temperatures and precipitation in
Bluff, Utah (1315 m; period of record 1928 to 1998) are 21.3 C, 3.7 C° and 199 mm,
respectively. Nearby Natural Bridges National Monument, 670 m higher (1980 m; 1965
to 1998), experiences mean climate conditions of 17.5 C, 3.1 C and 320 mm
precipitation. Cold season (Oct. through Mar.) precipitation results primarily from
northwestern cyclonic storms generated in the Aleutian Low pressure zone of the north
Pacific. These storms are carried inland by the westerly winds of the polar jet stream.
During the warm season (Apr. through Sep.), airflow around the western edge of the
Bermuda High leads to incursions of moist air from the Gulf of Mexico and California.
Widespread summer thunderstorm activity is common, with Bluff and Natural Bridges
National Monument receiving 44% and 49% of their precipitation between April and
September. In New Mexico, average annual high and low temperatures for Alamogordo
(1325 m; 1914 to 1998) and Cloudcrofl (2690 m; 1914 to 1987) are 24.7 C and 8.2 C,
and 14.3 C°and 0.4 C°, respectively. Annual precipitation values vary from 290 mm in
Alamogordo, to 673 mm in Cloudcroft with 64% of the precipitation in both localities
occurring during the warm season (Apr. through Sep.). Cold season precipitation is from
the same north Pacific storms. Summer precipitation is intensified, compared to the Four
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Comers area, because of the closer proximity to subtropical moisture originating from the
Gulf of Mexico and the eastern Pacific.
Temperature and precipitation gradients with elevation were calculated for each of
the transect areas. In southeast Utah, the maximum and minimum temperature gradient is
-0.72/100 m and -0.28 C/lOO m, respectively, with a mean of-0.50 C°/100 m. The
mean annual precipitation gradient is 19 nmi/lCC m. In southeastern Utah all of the
climate stations localities are below 2150 m or below placing them in the dissected
topography of the Canyon country. Valley-bottom stations tend to register abnormallylow minimum temperatures resulting from cold air drainage during the night. Above the
Canyonlands, gradients become steeper in mountainous terrain. For example, a gradient
of-0.59 C°/100 m is reported from the nearby San Juan Mountains in southwestern
Colorado (Barry and Bradley 1976). Environmental gradients in New Mexico were
calculated using 14 weather stations located at elevations from 1220 m to 2690 m.
Maximum and minimum temperature gradients are -0.78 C°/100 m and -0.55 C/lOO m,
respectively, with a mean value of-0.66 C/lOO m. Gradients become steeper during the
warm months, which is consistent with steeper gradients reported by Mueller (1991). The
annual precipitation gradient is 33mm/100 m which is almost double that in southeastern
Utah.

Methods
Modem vegetation was sampled along elevational transects to determine
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systematic changes with elevation and slope aspect (Table 1). Each sample consists of
equal number of plant parts taken from the four cardinal directions to ensure equal
representation of intraplant variability (Leavitt and Long 1983). In addition, samples were
collected from the tips of branches to ensure full irradiance. In special cases individual
branches were collected at compass positions on the plant to determine intraplant
variability. Plant samples may consist of tissue (leaves, needles, spines) that was formed
during different growth years. For example, Pinus edulis can contain more than 8 yearly
cohorts of needles but deciduous angiosperms have only a year's complement of leaves.
Field sampling occurred in Utah during the early summer of 1995 when the P. edtilis
needles were not fully extended. Throughout this study the P. edulis samples were
isolated from the 1994 cohort on each branch, but the samples of the deciduous
angiosperm Amelanchier utahensis and Cercocarpus montanus consist of 199S leaves.
The leaves of Cowania mexicana, Atriplex canescens and Atriplex confertifolia are
evergreen therefore the samples incorporate tissue formed during an unknown period.
Among other species, Juniperus spp. are characterized by leaf scales that have
indistinguishable increments of yearly growth. Each sample consists of approximately 1-2
cm of branch tips. Ephedra samples consist of stem segments representing an unknown
number of growth cycles, randomly selected from each branch. Yucca grows in whorls
with the youngest leaves toward the center, but samples were taken from the outer edge
of the plant, so the absolute age of the leaf is uncertain. Finally, Opuntia spines were
removed from the collected cactus pads and like the Yucca are of an unknown age.
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The isolation of leaf tissue components, before analysis, used standard chemical
extraction techniques (Pettersen 1984; Leavitt and Danzer 1993). Samples were ground
in a Wiley* mill until the material passed through a 20-mesh screen. The ground material
was pouched using commercially available filter material, heat-sealed to resemble a teabag. Holocellulose was extracted by placing the pouches in a soxhlet to remove waxes
and resins using an ethanol/toluene and ethanol wash. The samples were then bleached
with acidified Na-chlorite to remove residual lignin (Green 1963; Leavitt and Danzer
1993; Sheu and Chiu 199S). Significant contributions of 6"C from Ca-oxalate crystals in
plant material have been reported in select C4 and CAM species (Rivera and Smith, 1979;
Van de Water, appendix A). To remove Ca-oxalate from the Atriplex canescens and
Opuntia sp. tissue a procedure was developed following Baker (1952). Holocellulose
samples were washed in 10% HCl for a period >24 hours with two to three changes of the
acid solution. After each chemical process, samples were washed until neutral using
deionized water, then dried prior to loading into tubes for combustion and analysis.
The dried samples were removed from their pouches and up to 3 mg weighed for
combustion to CO2 and HjO. Samples were placed within Vycor* tubes with copper
oxide to provide excess oxygen during combustion. Sample tubes were evacuated and
torch sealed, then burned at 900° and 650° for two successive 2-hour periods. All tubes
were cracked in vacuo and the CO2 cryogenically isolated, then measured on a Finnigan
MAT Delta-S* mass spectrometer. The 6"C resuhs are reported with respect to the
internationally-accepted PDB standard (Craig 1957). All values are corrected from
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holocellulose and treated holocellulose for the removal of Ca-oxalate, to whole tissue
values. The correction factors for C3 gynuiosperms is -0.69%o, -0.46Ke for €3
angiosperms, -2.49%o for C4 angiosperms and l.2l%o for CAM plants (Van de Water,
Appendix A).
Lab standards are run with every ten samples as an internal check of laboratory
precision. The mean and standard deviation of the C, and C4 standards (C3 = -23.97 ±
0.09 , n = 67 ;C4 = -11.03 ± 0.17, n = 43) were not significantly different from the longterm standard values (C3 = -23.88 ± 0.18, n = 161 ; C4 = -11.01 ± .016, n = 107). The
standard deviations fall below O.296o, the estimated value of the overall laboratory error.
Additionally, a 10% replicate analysis was performed on randomly chosen holocellulose
and treated holocellulose samples to ensure reproducibility. Correlations exceeding r^ =
0.80 were found for all species and in 8 of the 10 correlations values were greater than
0.90, coniirming our ability to replicate analytical results.
Physiological parameters were calculated using 6"C^ and

values from air

monitoring stations in southern California integrated into other atmospheric gas records
and tabulated by Bert et al. (1997). An atmospheric fi"C^ value of-8.27%o and COj
concentration of 3S6.8 ppmv were used to calculate discrimination (A), WUE and the
C/C, ratio. Data sets were tested for normality prior to statistical analysis using the
SPSS* software program. In cases with non-normal distributions the data were
transformed to provide a better estimate of normality.
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Figure 1. Carbon isotope values of Pinus edulis along the Utah and New Mexico
transects.

Results
The 5'^C and physiological parameters of discrimination (A), WUE, and C/C,
were determined on 1103 individual plants representing 9 genera and 15 species. Isotope
values, corrected to whole tissue, along with calculated physiological parameters are
separated for comparison by taxonomic group and then carbon acquisition pathway along
each transect (Table 1). Carbon isotopes. A, WUE and C/C, values from each locality
were averaged and are reported as mean site values from north- and south-facing aspects
or flat areas for each transect (Table 2, 3, 4, 5,6).
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monosperma, J. coahuilensis and J. deppeana along the New Mexico transect.
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Table 1. Mean 6"C values of physiological groups and each species along each gradient.
tadMdM^it^alue^fo^h^ifergi^gwie^r^iste^iU^l^^j^j^J^n|^G^^^^
Mean
Max
Min
n
C3 Plants
Gymnosperms
Angiospenns

-22.95 ± 1.50
-25.05 ± 1.02

-19.03
-22.16

-28.25
-27.90

451
255

-16.05 ±0.97

-14.02

-18.20

111

-10.84 ±0.82
-21.33 ± 1.25
-11.47 ±0.87

-8.73
-18.04
-9.76

-13.34
-23.65
-13.09

111
93
82

-21.03 ±0.79
-23.26 ± 1.11
-23.10 ±0.71
-23.73 ±0.92

-19.03
-20.85
-21.73
-21.27

-23.16
-25.83
-24.49
-25.56

83
121
23
82

-21.76 ±0.93
-22.76 ±0.61
-24.96 ± 1.27
-23.90 ±0.83
-23.15 ±0.79
-23.31 ± 1.06

-20.05
-22.03
-23.01
-21.51
-22.30
-22.05

-24.04
-23.95
-28.25
-25.05
-24.63
-25.64

44
8
28
36
5
15

-24.99 ± 1.10
-25.25 ±0.84
-25.11 ± 1.01

-22.16
-22.83
-23.28

-27.07
-27.46
-27.19

88
64
48

-24.87 ± 1.04

-23.25

-27.90

55

-14.72 ±0.60
-16.38 ±0.83

-14.02
-14.36

-16.63
-18.20

20
57

-16.28 ±0.67

-14.39

-17.55

34

-10.93 ±0.71
-13.01 ±3.12
-21.39 ± 1.10

-9.09
-10.54
-18.81

-13.30
-22.38
-23.96

58
22
75

-10.95 ±0.91
-11.40 ±0.74
-15.52 ±5.09

-8.74
-9.76
-10.38

-13.34
-12.89
-23.25

53
43
35

C4 Plants
Angiosperms

CAM Plants
Obligate
Facultative (light values)
Facultative (heavy values)

Utah Gymnosperms
Pinus edulis
Juniperus osteosperma
Ephedra torreyana
Ephedra viridis

New Mexico Gymnosperms
Pinus edulis*
Juniperus coahuilensis
Juniperus deppeana
Juniperus monosperma
Ephedra torreyana
Ephedra viridis

Utah Cj-Angiosperms
Amelanchier utahensis
Cercocarpus montanus
Cowania mexicana

New Mexico Cj-Angiosperms
Cercocarpus montanus

Utah C4-Angiosperms
A triplex canescens
A triplex confertifolia

New Mexico Q-Angiosperms
A triplex canescens

Utah CAM-Angiosperms
Opuntia spp.
Yucca baccata
Yucca glauca

New Mexico CAM-Angiosperms
Opuntia spp.
Yucca baccata
Yucca elata

* Values calculated with the site at 2440 m removed. See text for explanation.
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Figure 3. Carbon isotope values for Ephedra torreyana and E. viridis along the Utah
and New Mexico transects.
Mean isotope values for the three genera of gymnosperms {Pirns sp., Juniperus
sp. and Ephedra sp.) ranged between -19.03 and -28.25%o showing considerable intraand intersite variability along both transects (Figure 1, 2, 3; Table I). The greatest range
of values, S.2496o, occurred in Juniperus deppeana and the least, 1.91%o, in J.
coahuilensis. Both species grow along the New Mexico transect and are represented by
low overall sample numbers (Table 1). A closer examination of taxonomic grouping
shows that the heaviest 6"C values were in the P. edulis (higher 6"C), which are
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significantly different from the other gymnosperms (p = < 0.00) and angiosperms (p = <
0.00). Along the New Mexico transect, the isotope value for the Pimts samples at 2440 m
are unusually depleted (low 6"C)(Figure 1). Morphological analysis of the needles
revealed characteristics intermediate between P. edulis and P. cembroides, a species
common in southern Arizona and northern Mexico (Martin and Hutchins 1980). The
population appears isolated because needle characteristics from nearby sites are consistent
with P. edulis morphological traits. Removal of the 2440 m site results in higher average
5'^C values (-21.80 i: 0.96%o) and a strengthening of the significant difference between P.
edulis and the other gymnosperms as well as the angiosperms. Juniperus sp. and Ephedra
sp. group together and are indistinguishable except fory. deppeana, which has high levels
of intrasite variability (Table 2).
The angiosperm group includes the C3 genera Amelanchier, Cercocarpus and
Cowania (Figure 4) the C4 genera oiAtriplex (Figure 5) and obligate as well as the
facultative CAM representative of Opuntia spp. and Yucca spp.(Figure 6, 7), respectively.
Systematic differences in 5"C signatures among C^, C4 and CAM physiology differentiate
the angiosperm genera and species by their photosynthetic pathway. The C3 angiosperms
were shown to have lower 6"C values, by 2.10%» (Table 1), than the C3 gymnosperms,
which is consistent with previously reported studies using tree-rings (Stuiver and
Braziunas 1987; Leavitt and Newberry 1992) and leaf tissue (Marshall and Zhang 1994).
Three species of C, plants were collected, all species grew in Utah but only C. montanus
occurred in New Mexico. No significant differences were found among the Cs genera.
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Table 2. Calculated ecophysiological parameters, average 6'^C values corrected to v^le
tissue, and range of 6"C values occurring in the gymnospemis collected and analyzed in
Utah and New Mexico. Values are listed by ate and aspect
Diacriiniiiation
Utah

elev.

WUE

c/c.

asp.

Average
Values

n
Range of
Values

Pinus edulis
2745
2590
2440
2285

2135
1980
1830
1675
1525

N
S
N
S
N
S
N
S
N
S
N
S
N
S
N
S

13.19 ±0.38
13.14 ± 1.18
13.56 ±0.20
13.19 ±.038
14.34 ±0.96
12.85 ±0.51
13.09 ±0.68
13.40 ±0.31
12.86 ±0.67
13.01 ±0.60
12.65 ±0.85
12.98 ±0.81
12.55 ±0.66
13.17 ±0.77
12.38 ±0.58
12.46 ±0.68
12.85 ±0.73

139±4
139 ± 11
I3S±2
139 ±4
128 ±9
142 ±5
140 ±7
137 ±3
142 ±6
141 ±5
144 ±8
141 ±8
145 ±6
139 ±7
147±6
146±7
142 ±7

0.38 ±0.02
0.37±0.05
0.39 ±0.01
0.38 ±0.02
0.43 ± 0.04
0.36 ±0.02
0.37 ±0.03
0.39 ±0.01
0.36 ±0.03
0.37 ±0.03
0.35 ±0.03
0.37±0.03
0.35 ±0.03
0.38 ±0.03
0.34 ± 0.02
0.35 ±0.03
0.36 ±0.03

-21.18 ±0.37
-21.13± 1.15
-21.53 ±0.20
-21.18 ±0.36
-22.29 ±0.93
-20.85 ±0.49
-21.08 ±0.66
-21.38 ±0.30
-20.86 ±0.65
-21.00 ±0.58
-20.66 ±0.60
-20.98 ±0.79
-20.56 ±0.76
-21.16 ±0.74
-20.40 ±0.56
-20.47 ±0.66
-20.85 ±0.71

1.015
3.165
0.565
0.944
2.475
1.224
1.635
0.815
1.825
1.535
1.785
2.075
2.355
1.865
1.715
1.795
1.835

Juniperus osteosperma
2590
2440
2285
2135
1980
1830
1675
1525
1370
1220

N
S
S
N
S
N
S
N
S
N
S
N
S
N
S
N
S
N

16.35 ±0.94
15.65 ±0.56
16.95 ±0.11
15.23 ±0.66
16.18 ±0.99
16.12 ±0.52
15.23 ±0.38
15.21 ±0.51
15.32 ±0.26
15.51 ±0.68
16.03 ±0.76
16.19 ±0.84
14.19 ±0.33
15.42 ±0.52
14.49 ±0.59
13.48 ±0.54
13.61 ±0.39
14.48 ±0.39

109 ±9
116±S
103 ± 1
120 ±6
III ±9
111 ±5
120 ±4
120 ±5
119±2
1I7±6
112±7
111 ±8
130 ±3
118±5
127 ±6
136 ±5
135 ±4
126 ±4

0.51 ±0.04
0.48± 0.02
0.54 ± 0.00
0.46± 0.03
0.50 ±0.04
0.50 ±0.02
0.46 ±0.02
0.46 ±0.02
0.47 ±0.01
0.48 ± 0.03
0.50 ±0.03
0.50 ±0.04
0.42 ± O.OI
0.47 ±0.02
0.43 ± 0.03
0.39 ± 0.02
0.39 ± 0.02
0.44 ± 0.02

-24.23 ±0.90
-23.55 ±0.53
-24.80 ±0.10
-23.14 ±0.63
-24.06 ±0.95
-24.00 ±0.50
-23.15 ±0.36
-23.13 ±0.49
-23.23 ±0.25
-23.42 ±0.65
-23.91 ±0.73
-24.07 ±0.81
-22.14 ±0.32
-23.33 ±0.50
-22.43 ±0.57
-21.46 ±0.52
-21.58 ±0.38
-22.52 ±0.38

1.324
2.565
0.265
1.785
2.715
1.325
0.895
1J85
0.685
1.475
I.9I5
2.145
0.945
1.295
1.605
1.495
0.752
0.944

N
S
N
S
N

16.08 ±0.S0
14.62 ±0.71
15.16 ±0.57
14.74 ±0.49
15.41 ±0.30

112 ±S
125 ±7
120 ±5
124 ±5
I18±3

0.50 ±0.02
0.44 ± 0.03
0.46 ±0.02
0.44 ± 0.02
0.47 ±0.01

-23.96 ±0.48
-22.69 ±0.70
-22.96 ±0.57
-22.67 ±0.47
-23.28 ±0.28

1.264
2.035
1.495
1.174
0.905

Ephedra torreyana
1675
1525
1370
1220

(Table 2,continued)
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although C. montanus in New Mexico has higher 6"C values than the other Utah species.
Overall, individual isotope values range between -22.16 and -27.90%o overiapping
portions of the gymnosperm distribution (Table 1). Intrasite variability was greatest in A.
utahensis and least in the Utah population of C. montanus.
C4 physiology was represented along both transects by Atriplex canescens and A.

confertifolia in Utah and A. canescens in New Mexico. Initial analysis revealed high
levels of intra-plant and species variability resulting from residual Ca-oxalate crystals
within the holocellulose preparations (Van de Water, Appendix A). Techniques for
removal were developed and re-analysis resulted in reduced intra- and intersite variability
in both species (Van de Water, Appendix A; Van de Water ei al.. Appendix B). Isotope
values, converted to equivalent whole tissue 6"C ranged from -14.36 to - 18.20%o for A.

confertifolia and in A. canescens from -14.02 to - 16.63%o and -14.36 to - 18.20%o for
the Utah and New Mexico populations, respectively (Table 1). Variability is greatest 'mA.

confertifolia and 6"C values are significantly more negative than A. canescens growing at
the same sites. A. canescens b"C values in New Mexico have a similar 6"C signature to
the A. confertifolia from Utah resulting in significantly different (t-test, p = < 0.00)
isotope values between the two A. canescens populations (Table 1).
The CAM plants Opuntia spp. and Yucca spp. were sampled along each of the
transects. The

values of the Opuntia spp. spines ranged from -9.09 to -13.30 and

-8.74 to - 13.34%o in Utah and New Mexico, respectively, suggesting obligate CAM
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Figure 4. Carbon isotope values for Amelanchier utahensis. Cawania mexicana and
Cercocarpus montanus along the Utah and New Mexico transect.
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physiology (Table 1). The isotope values showed no statistical difference between the two
transects (t-test; p = 0.17 ). Yucca spp. are reported to show photosynthetic physiology
that varies from C, to both obligate and facultative CAM depending on the species and
location (Kemp and Gardetto 1982; Syvertsen ef at. 1976; Wallcn and Ludwig 1978).
Yucca baccata was collected along both transects whereas Y. g/auca was sampled in Utah
and Y. elata in New Mexico. Y. baccata is characterized by thick succulent leaves typical
of CAM plants whereas Y. glauca and Y. elata have thinner non-succulent leaf tissue.
Isotope values for the Y. baccata ranged from -22.38 to - 10.54%o and

-12.89 to

-9.76%o in Utah and New Mexico, respectively. Four individual plants along the Utah
transect had values that show a majority of their carbon is fixed by C3 processes. The
values are -18.27, -18.04 and - 18.38%o at 1980 m and -22.38%o at 2440 m (Table 5).
The plants at 1980 m grow in close proximity and may share a common ancestry. The
plant at 2440 m is isolated at the highest elevation that Y. baccata was collected along the
transect (Figure 7; Table 6).
Yucca glauca was collected in Utah and displays 6"C values typical of C,
photosynthesis processes along its entire distribution, 2590 to 1220 m. The species was
present at the lowest site along the transect yet its isotope values reflects C3
photosynthesis along the entirety of the gradient and range from -18.81 tp -23.96%o
(Figure 7; Table 1). However, the lower C, isotope values are statistically distinct from
other C3 gymnosperms (p = <0.00) and angiosperms (p = < 0.00) (Table 1). A closely
related species. Yucca elata, was sampled in New Mexico between 2135 and 1220 m.
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Table 3. Calculated ecophysiological parameters, average 6"C values converted to
whole tissue, and range of 6"C values occurring in the C, angiosperms collected and
analyzed from the Utah and New Mexico transects. Values are listed by site and aspect
Discrimination
Utah

elev.

WUE

eye.

asp.

Amelanchier Utahensis
2745
N
2590
N
S
2440
N
S
2285
N
S
2135
N
S
1980
N
S
1830
N
S
1675
N
S
1524
N
1370
N
1220
N
Cercocarpus montanus
2745
S
2590
N
S
2440
N
S
2285
N
S
2135
N
S
1980
N
S
1830
N
S
Cowania mexicana
2285
s
2135
s
1980
N
1675
N
S
(Table 3 continued)

«"C(X.)
Avcfage Range of
Values
Values

n

17.85^0.39
17.71 ±0.58
16.70 ±0.50
18.42 ±0.37
18.14 ±0.42
18.32 ±0.62
17.61 ±0.84
17.54 ± 1.19
17.37 ±0.58
17.04 ±0.45
18.40 ±0.51
16.78 ± 1.07
16.56 ±0.68
16.73 ±0.29
14.58 ±0.28
16.19 ±0.25
16.56 ±0.27
15.84 ±0.43

95 ±4
96±5
105 ±5
89±4
92 ±4
90±6
97 ±8
98± 11
99±6
102 ±4
90±S
105 ± 10
107 ±6
105 ±3
126 ±3
110±2
107 ±3
114±4

0.57 ±0.02
0.57 ±0.02
0.53 ±0.02
0.60 ±0.02
0.59 ±0.02
0.59 ±0.03
0.56 ±0.04
0.56 ±0.05
0.55 ±0.02
0.54 ±0.02
0.60 ±0.02
0.53 ±0.05
0.52 ±0.03
0.53 ±0.01
0.44 ±0.01
0.50 ±0.01
0.52 ±0.01
0.49 ±0.02

-25.66 ±0.38
-25.53 ±0.55
-24.56 ±0.48
-26.21 ±0.36
-25.94 ±0.38
-26.11 ±0.59
-25.43 ±0.80
-25.36 ± 1.14
-25.20 ±0.56
-24.89 ±0.43
-26.18 ±0.48
-24.63 ± 1.03
-24.42 ±0.65
-24.59 ±0.28
-22.52 ±0.27
-24.07 ±0.24
-24.43 ±0.26
-23.74 ± 0.42

1.06
1.62
1.40
1.11
1.08
1.67
1.91
2.62
1.50
1.22
1.43
2.78
1.75
0.77
0.79
0.56
0.70
1.16

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
4
4

16.68 ±0.39
17.99 ±0.47
16.60 ±0.31
18.42 ±0.94
18.44 ±0.57
18.10 ±0.36
17.67 ±0.31
17.20 ±0.45
16.84 ± 0.92
17.05 ±0.32
17.48 ±0.28
16.32 ±0.93
17.53 ±0.43

106±4
94 ±4
107 ±3
89 ±9
89±5
92 ±3
96±3
101 ±4
104 ±9
102 ±3
98 ±3
109 ±9
98±4

0.53 ±0.02
0.58 ±0.02
0.52 ±0.01
0.60 ±0.04
0.60 ±0.02
0.58 ±0.02
0.57 ±0.01
0.55 ±0.02
0.53 ±0.04
0.54 ±0.01
0.56 ±0.01
0.51 ±0.04
0.56 ±0.02

-24.54 ±0.38 0.97
-25.79 ±0.45 1.09
-24.47 ±0.30 0.77
-26.20 ±0.90 2.44
-26.23 ±0.54 1.48
-25.89 ±0.34 1.04
-25.49 ± 0.30 0.80
-25.04 ±0.43 1.29
-24.69 ±0.88 2.45
-24.89 ±0.31 0.91
-25.30 ±0.27 0.80
-24.19 ±0.89 2.64
-25.36 ±0.41 1.27

4
5
5
5
5
5
5
5
5
5
5
5
5

15.93 ±0.43
17.08 ± 1.20
17.46 ±0.98
16.84 ± 0.32
16.01 ±0.44

109 ±4
98 ± 12
94± 10
100 ±3
108 ±4

0.51 ±0.02
0.56 ±0.05
0.58 ±0.04
0.55 ±0.01
0.52 ±0.02

-24.22 ±0.43 1.26
-25.37 ± 1.20 3.12
-25.76 ±0.98 2.79
-25.13 ±0.32 0.%
-24.31 ±0.44 1.17

5
5
5
5
5
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1524
1370
1220
NEW MEXICO

N
S
N
S
N

Cercocarpus montanus
2440
N
S
2285
N
S
2135
N
S
1980
N
S
1830
N
S
1675
N
S

18.23 ± 0.49
17.42 ± 0.42
16.37 ±0.97
16.59 ± 0.66
15.93 ±0.19

86±S
94 ±4
105 ± 10
102 ±6
109 ±2

0.61 ±0.02
0.58 ±0.02
0.53 ±0.04
0.54 ±0.03
0.51 ±0.01

-26.52 ±0.49
-25.71 ±0.42
-24.67 ±0.97
-24.88 ±0.66
-24.22 ±0.19

1.48
1.17
2.93
1.81
0.46

5
5
5
5
3

20.20 ± 0.00
19.19 ±0.94
17.14 ±0.37
17.28 ± 1.60
16.25 ± 0.43
17.55 ±0.21
17.58 ± 0.70
17.44 ± 0.33
16.20 ± 0.42
16.19 ±0.70
16.60 ± 0.40
16.52 ± 0.75

73 ±0
82 ±9
102 ±4
100 ± 15
110±4
98 ±2
97 ±7
99 ±3
110±4
110±7
107 ±4
107 ±7

0.67 ±0.00
0.63 ±0.04
0.54 ±0.02
0.55 ±0.07
0.51 ±0.02
0.56 ±0.01
0.56 ± 0.03
0.56 ±0.01
0.51 ±0.02
0.50 ±0.03
0.52 ±0.02
0.52 ±0.03

-27.90 ±0.00
-26.94 ±0.94
-24.98 ±0.36
-25.11 ± 1.53
-24.12 ±0.41
-25.37 ±0.21
-25.40 ±0.67
-25.27 ±0.31
-24.08 ±0.40
-24.07 ±0.67
-24.46 ±0.39
-24.39 ±0.72

0.00
2.37
1.02
4.35
0.95
0.58
1.85
0.91
1.14
2.00
1.09
1.81

I
4
5
5
5
5
5
5
5
6
5
5

Isotope values vary between -10.38 and -23.2S%o, a range that suggests both C, and
CAM fixation are represented within the collected samples. Values typical of C,
physiology are found not only on north-facing slopes but at lower elevations and at the
lowest elevations on flat areas where predominantly CAM fixation might be expected
(Figure 7; Table 6).
The sampling and analysis of plants along environmental gradients provided a test
of physiological adaptation to increasing aridity. Species were collected on north- and
south-facing slopes to provide the greatest contrast of environmental conditions at each
elevation. These sample pairs were tested for systematic changes in 6'^C associated with
increased solar radiation and more xeric conditions on south- versus north-facing slopes.
Throughout the analysis only two species, both C, plants, revealed significant differences.
These occurred in J. osteosperma and A. utahensis, and both collection sites were located
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Figure S. Carbon isotope values for the Atriplex canescens and A. confertifolia along
the Utah and New Mexico transects.
at 1675 m. J. osteosperma 6'^C values on the south-facing slope become less negative
below 1675m, shifting from a mean value of -23.78%o (n = 6) above to -22.05%o (n = 3) at
the three lowest sites. On the north slope a gradual decrease begins at the same elevation,
with the heaviest values recorded at the two lowest elevations. In the A. u/ahensis
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significant differences occur at the lowest elevations on both north- and south-facing
slopes, (Figure 1,3). Unlike the J. osteoq}erma, 6"C values for A. utahemis at the lowest
elevations maintain isotope values similar to those occurring up slope (Figure 1,3; Table
3). Further analysis of the pairs of species growing on north- and south-facing slopes at
the same elevation, while not significantly different, do show higher 5'^C values on the
south-facing slope in 66% of the cases (40 out of 60 pairs) (Table 2 and 3).
Similar environmental extremes occur along the gradients from low elevation
desert into the upper elevation mesic coniferous forests. Within the gymnosperms all of
the species trend toward higher 6'^C values at the lower elevations (Figure 2; Table 2).
Significant relationships occur in 3 of the gymnosperm species (Table 7); Ephedra
torreyana along both transects and E. viridis, J. coahuilensis, J deppeana from New
Mexico were removed from further analysis because of the limited number of sites. The
greatest change occurred in Pirns edulis from New Mexico at -0.41%o/100 m, but
exclusion of the anomalous site at 2440 m reduced the gradient to -0.21%o/100m. In
Utah, Juniperus osteosperma showed a gradient of -0.14%o/100 m, a change of 1.80%o
across its elevational distribution. The range of

for the other gymnosperm species

along both transects did not exceed the 1.0S%o of E. viridis in Utah (Table 7). If the site
values are grouped by aspect only Juniperus osteosperma growing on south-facing slopes
and Ephedra viridis from north-facing slopes show significant with elevation (Table 7).
In the angiosperms, only four species show significant correlations with elevation
and all trend towards less negative values at lower elevations. These include the Utah C3
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Figure 6. Carbon isotope values of Opuntia spp. spines along the Utah and New
Mexico transects.
and C4 species of A. utahensis and A. confertifolia and the New Mexico C3 and obligate
CAM species of C montanus and Opuntia spp. (Table 4,5,7). The steepest gradient is in
A. confertifolia at -0.17%o /ICQ m, but with a limited elevational distribution the species

values range by only 0.75%. In contrast, A. utahensis has a low rate of change,

-0.15%o/100m, but a wide elevational distribution (1525 m) resulting in the highest range
of values, 2.29%o, of any of the species tested. Splitting the sites by aspect results in
significant differences with elevation on north-facing slopes for the C3 species A. utahensis
and C montanus growing in Utah. Opuntia spp. also showed significant differences with
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Table 4. Calculated ecophysiological parameters, average 6'^C values, and range of 6"C
values occurring in the Q angiospemis collected and analyzed from the Utah and New
Mexico transects. Values are listed by site and aspect.
Discrimination
dev.

WUE

c/c.

VK (*•)

n

Average Range of
Values Values

asp.

UTAH
A triplex canescens
1675
S
1525
F
1220
N
S

5.18^0.39
5.52 ±0.32
5.25 ±0.41
5.75 ± 0.85

150 ±37
118 ±48
144 ±38
97 ±80

0.33 ±0.16
0.47 ±0.22
0.36 ±0.17
0.57 ±0.36

-13.44 ± 0.38
-13.77 ±0.51
-13.51 ±0.40
-14.00 ±0.83

A triplex confertifolia
1675
N
1525
N
S
F
1370
N
S
1220
N
S

7.58 ± 0.60
6.99 ± 0.59
6.94 ± 0.99
7.70 ±0.79
7.00 ± 0.65
7.28 ± 0.73
6.70 ± 0.42
6.69 ± 1.16

11!±21
132 ±21
134 ± 35
107 ± 28
131 ±23
122 ± 26
142 ± 15
143 ±41

0.50 ±0.10
0.41 ±0.09
0.40 ±0.16
0.52 ±0.12
0.41 ±0.10
0.45 ±0.11
0.36 ± 0.07
0.36 ±0.18

-15.79 ±0.59 1.94 10
-15.22 ± 0.58 1.70 5
-15.17 ±0.97 2.62 5
-15.91 ±0.77 2.28 5
-15.23 ±0.63 1.98 10
-15.49 ±0.71 1.72 3
-14.93 ±0.41 1.15 4
-14.92 ±1.13 3.41 5

NEW MEXICO
Atriplex canescens
1980
N
1675
N
S
1525
N
S
1370
F
1220
F

6.84 ± 0.50
6.92 ± 0.43
7.47 ± 0.20
7.21 ±0.40
7.67 ±0.43
6.30 ±0.99
6.89 ± 0.44

134 ± 18
131 ± 16
111 ±7
121 ± 14
104 ± 16
154 ± 36
132 ± 16

0.40 ±0.08
0.41 ±0.07
0.50 ± 0.03
0.46 ± 0.06
0.53 ±0.07
0.31 ±0.16
0.41 ±0.07

-15.06 ±0.49
-15.15 ±0.42
-15.68 ±0.19
-15.42 ±0.39
-15.88 ±0.42
-14.54 ±0.97
-15.12 ±0.43

1.15
1.33
1.13
2.34

5
5
5
5

1.35
1.05
0.48
1.05
1.30
2.58
1.34

5
5
4
5
5
5
5

elevation on north-facing slopes in the New Mexico population (Table 5,6). However,
these differences are heavily influenced by extreme values at the upper and lower elevation
sites (Figure 6).

Discussion
The carbon isotope results show that C, plants growing along elevatlonal transects
have decreased discrimination, higher 6''C values, at lower elevations (Table 1). These
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Table 5. Calculated ecophysiological parameters, average 6"C values, and range of 6"C
values occurring in the obligate and &cultative CAM angiosperms collected and analyzed
from the Utah and New Mexico transects. Values are listed by site and aspect.
Discnmination
dev.

asp.

UTAH

Opuntia spp.
2440
2440
2285
2285
2135
1830
1370
1370
1220
1220

Average
Values

Range of
Values

n

N
S
N
S
S
S
N
S
N
S

3.03 ±0.58
2.45 i;0.48
3.47 ±0.78
2.78 ±0.18
2.32 ±0.53
2.64 ±0.86
2.63 ±0.32
2.46 ±0.41
2.65 ±0.86
2.37 ±0.20

-11.26 ±0.57
-10.69 ±0.47
-11.70 ±0.76
-11.02 ±0.17
-10.56 ±0.53
-10.88 ±0.84
-10.87 ±0.32
-10.71 ±0.40
-10.89 ±0.84
-10.62 ±0.19

1.65
1.48
2.52
0.52
1.26
2.26
0.89
1.14
2.62
0.52

5
5
9
5
5
5
5
5
4
5

NEW MEXICO
Opuntia spp.
2285
N
2285
S
1980
N
1980
S
1830
N
1830
S
1675
N
1525
N
1525
S
1370
F
1220
F

3.11 ±0.66
3.59 ±0.85
2.58 ±0.53
2.96 ±0.21
2.65 ±0.39
1.67 ±0.89
2.10 ±0.56
2.22 ±0.52
2.52 ±0.54
2.08 ±0.41
0.88 ±0.53

-11.41 ±0.65
-11.88 ±0.83
-10.88 ±0.52
-11.25 ±0.20
-10.95 ±0.39
-9.98 ±0.88
-10.41 ±0.55
-10.53 ±0.51
-10.82 ±0.53
-10.38 ±0.41
-9.20 ±0.52

1.93
2.35
1.41
0.65
0.97
2.76
1.60
1.25
1.23
1.07
1.43

5
5
5
6
5
5
5
5
5
4
4

results are opposite of those previously reported for mesic and high elevation transects
(Kelly and Woodward 199S; Komer et al. 1988, 1990; Marshall and Zhang 1994; Sparks
and Ehleringer 1997; Vitousek et al. 1988, 1991), but are consistent with elevational
studies in more xeric environments (Leavitt and Long 1982, 1983; Lajtha and Getz 1993;
Jaindl et al. 1993; Nowak et al. 1999). Theoretical models of C4 and CAM physiology
suggest that there should be less impact of environmental stress on gas-exchange
processes (Farquhar er a/. 1982; Farquhar and Richards 1984; Farquharef a/. 1989). As
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predicted, isotope values in C4 and CAM plants remain relatively unchanged along each
transects, with some specific exceptions. Throughout the analysis, the nuige of vaiiability
at a given site often exceeded the
aspect.

shift associated with changes in elevation and/or

variability is greatest in the C3 plants and the least in facultative CAM plants.
Throughout the arid southwestern U.S.A., the lower limits of species are higher on

south- and southwest-facing slopes than on north- to northeast-facing aspects. Soil water
availability, soil particle size and heat load are the primary factor responsible for these
vegetation patterns (Shreve 1915, 1942; Shreve and Wiggens 1964; Klikoff 1967).
Reduced soil moisture on southern slopes resuhs from increased solar radiation influx
during the summer months and heightened rates of evapotranspiration. It was expected in
this study that species collected on north- and south-facing slopes would differ in their
isotope composition, tracking conspicuous differences in plant community composition
and structure. We also expected to see similar changes at the lower elevations of a species
distribution as environmental conditions become more extreme. Gas-exchange flux rates
that mediate carbon assimilation and conductance within the plants should be influenced
by the wanner, drier environmental conditions. However, the relationship between solar
irradiance, temperature, stomatal conductance, vapor pressure gradients, and soil moisture
is not always clear cut.
The difficulty in determining the effect of a wide range of environmental influences
on gas-exchange properties of plants led Ehleringer (1993a; 1993b) to propose using the
ratio of internal (C,) to external (CJ CO2 concentration as a set-point of gas-exchange

Table 6. Calculated ecophysiological parameters, average &"C values, and range of 6"C
values occurring in the obligate and facultative CAM angiosperms collected and analyzed
from the Utah and New Mexico transects. Values are listed by site and aspect.
Discrimination
elev.
UTAH
Yucca baccata
2440
2285
2135
1980

Yucca glauca
2590
2440
2135
1980
1980
1830
1830
1675
1675
1525
1525
1370
1370
1220
1220

asp.

6"C

(*•)

Average
Values

Range of
Values

n

Outlier
Values

S
N
S
S

3.32 ±0.89
3.39 ±0.56
3.79 ±0.39
2.61 ±0.31

-11.55 ±0.88
-11.62 ±0.56
-12.01 ±0.39
-10.15 ±0.14

2.49
1.51
0.88
0.63

6
5
5
5

s

12.86 ±0.21
12.86 ± 1.21
12.53 ± 1.37
12.40 ±0.83
13.45 ± 1.19
13.18 ±0.68
12.84 ±0.72
13.89 ±0.55
14.82 ±0.45
13.98 ± 1.19
14.57 ±0.78
12.52 ±0.82
13.31 ± 1.27
13.80 ±0.47
14.23 ±0.87

-20.86 ±0.20
-20.86 ± 1.17
-20.54 ±0.59
-20.42 ±0.80
-21.43 ± 1.15
-21.17 ±0.66
-20.84 ±0.70
-21.86 ±0.53
-22.75 ±0.44
-21.94 ± 1.15
-22.51 ±0.75
-20.53 ±0.79
-21.30 ± 1.23
-21.77 ±0.45
-22.18 ±0.84

0.61
3.46
1.33
2.24
3.18
1.61
2.10
1.55
1.33
2.62
2.06
2.02
3.79
1.19
2.54

5
5
5
5
5
5
5
5
5
5
5
5
6
4
5

3.47 ±0.25
3.24 ±0.70
3.70 ±1.16
3.09 ±0.44
2.44 ±0.60
2.71 ±0.31
3.44 ±0.45
3.28 ±0.74

-11.70 ±0.25
-11.47 ±0.69
-11.93 ± 1.14
-11.32 ±0.43
-10.68 ±0.59
-10.95 ±0.30
-11.67 ±0.45
-11.87 ±0.73

0.66
1.89
3.13
1.24
1.46
0.80
1.16
2.14

6
5
5
5
6
5
6
5

2.98 ±0.26
2.99 ±0.58
13.86 ± 1.47

-11.22 ±0.25
-11.22 ±0.57
-21.82 ±1.42

0.75
1.61
3.38

2.99 ±0.34

-11.23 ±0.34

0.95

3.06 ±0.33
13.73 ± 1.08
12.14 ±2.30

-11.29 ±0.32
-21.70 ± 1.05
-20.16 ±2.23

0.92
2.60
5.56

5
5
5
5
5
5
5

N
N
N

S
N

S
N

S
N
S
N
S
N
S

NEW MEXICO
Yucca baccata
2285
N
2285
S
2135
S
1980
N
1980
S
1830
N
1675
N
1525
S
Yucca elata
2135
N
1830
S
1675
N
1675
S
1525
N
1525
N
1220
F

-23.59 %,
-18.38.-18.04,
- 18.27X,

-18.60. -16.53%.
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activity. The advantage of using set-points is that they integrate changes in flux rates to
provide a measure of a plants adaptation to variable environmental conditions. The C/C,
ratio represents the balance between inward COj diffijsion, controlled by stomatal
conductance, and carbon assimilation through photosynthesis. In addition, the isotope
discrimination (A) in C, plants can be tied to photosynthetic gas exchange because in part
it relies on the C/C, ratio (Farquhar et al. 1982; Farquhar and Richards 1984; Farquhar et

al. 1989). Variability in A and therefore C, result firom differences inherent to stomatal
opening and chloroplast demand for CO2. In this study the high rates of intrasite
variability across species and along transects result from changes in A and C, as we assume
that

is relatively constant. Atmospheric CO2 and

have both been shown to vary

temporally and spatially within forest canopies but in open evergreen stands atmospheric
mixing is maximized (Buchmann e/a/. 1997). The assumption of a constant
results in A directly reflecting the 6"Cp.— value minus the atmospheric component.
Intra- and interspecies variability in A is argued to result from spatial or temporal
environmental characteristics that select for the divergence (Ehleringer 1993a). The close
tie of A to C/C^ which involves stomatal control and water loss suggests that mechanisms
involved in WUE, water-use maximization or drought tolerance is under strong selective
pressure in arid ecosystems (Ehleringer 1993a). For example, a greater range of A
values have been found in short-lived compared to long-lived species (Schuster et al.
1992; Donovan and Ehleringer 1992). In the longer lived species the chance of
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Table 7. Results of linear regression analysis showing the pooled values and only
statistically significant changes with elevation when differentiated by slope-aspect. Values
are calculated for the isotope change over the corresponding elevational distribution of
}Ies.
Species
Utah

slope
Y
Aspect inteicept (%m lOOm ')

Cj Gymnosperms
Pinus edulis
All
Juniperus osteosperma All
South
Ephedra viridis
All
North
Cj Angiosperms
Amelanchier utahensis All
North
Cercocarpus montanus All
North
Cowania mexicana
All
C4 Angiosperms
A triplex canescens
All
A triplex confertifolia
All
CAM Angiosperms
Opuntia sp.
All
North
South
Yucca glauca
All
North
South
New Mexico
Cj Gymnosperms
Pinus edulis
All
Juniperus monosperma All
CJ Angiosperms
Cercocarpus montanus All
C4 Angiosperms
A triplex canescens
All
CAM Angiosperms
Opuntia sp.
All
North
Yucca baccata
All
North
South

F

P

Gradient Elev
Chanse Ranee Cm)

-18.87
-19.96
-19.26
-21.39
-21.83

-0.07
-0.14
-0.17
-0.09
-0.08

0.37
0.46
0.52
0.28
0.50

8.72
12.79
6.54
5.42
5.89

0.01
<0.01
0.04
0.04
0.05

-O.8OK0
-1.80%o

1220
1370

-1.05%o

1065

-21.49
-21.36
-23.43
-19.35
-25.93

-0.15
-0.17
-0.05
-0.24
0.08

0.46
0.84
0.05
0.82
0.12

13.47
41.27
0.57
17.61
0.98

<0.01
<0.01
0.47
0.01
0.36

-2.50%o

1525

0.60%o

915

-0.60%o

915

-12.34
-11.39

0.01
-0.17

0.04
0.57

0.28
-2.82

0.81
0.03

0.10%o
-0.75Xo

455
455

-12.27
-13.53
-11.68
-24.20
-23.75
-24.57

0.00
0.04
-0.01
0.03
0.02
0.03

0.00
0.04
0.12
0.26
0.25
0.31

0.00
0.09
0.55
4.46
2.04
2.28

0.98
0.79
0.50
0.06
0.20
0.19

0.28%o

1220

0.41%>

1370

-16.80
-25.38

-0.21
0.01

0.33
0.10

3.37
0.54

O.ll
0.50

-1.29%e
0.48Xo

610
455

-20.10

-0.20

0.36

5.01

0.05

-1.54X0

765

-13.27

-0.03

0.06

-0.54

0.61

-0.24Xo

760

-8.48
-9.27
-12.12
-11.83
-12.29

-0.02
-0.02
-0.01
-0.01
-0.01

0.69
0.88
0.03
0.09
0.01

17.45
14.05
0.17
0.19
0.02

<0.01
0.06
0.70
0.71
0.90

-2.03*0

1065

-0.76%o

760

experiencing long-term drought is increased and may be one mechanism that eliminates
high A individuals from a population. However, this discussion has only involved the C3

221

representatives and because C4 and CAM plants have evolved to accommodate arid
conditions (Ehleringer et aL 1991) it can be assumed that intraplant A variability in these
species should be reduced. This is especially true in plants with facultative CAM
physiology because carbon fixation and stomatal control maximize two different enzymatic
fixation processes as environmental conditions vary.
Calculation of WUE using 6"C values has become routine and is the subject of
detailed reviews (Ehleringer 1989, 1991; Ehleringer and Osmond 1989; Farquhar e/a/.
1989). Carbon isotope values provide an estimate of

which is linked to A, and in turn

is negatively correlated with WUE (Farquhar and Richards 1984; Ehleringer and Cooper
1988). If the leaf-to-air vapor pressure deficit (LAVPD) and atmospheric COj values are
similar then WUE is a function of C;. However Ehleringer (1993b) cautions that C, is
related to other water relation parameters such as the set-point of optimal stomatal
behavior (Cowan and Farquhar 1977) and the extent of stomatal limitation on
photosynthesis (Farquhar and Sharkey 1982). In field studies, the use of long-term WUE
for cross species comparisons has yielded contradictory results. For example Delucia and
Schlesinger (1991) found that drought tolerance in Great Basin arid ecosystems did not
correlate
with high WUE values. The 6"C,^_ values were more negative in the shrubs than cooccurring trees, although the shrubs were more drought tolerant. However, throughout
the study comparisons were being made between gymnosperm trees and angiosperms
shrubs, a division that has shown consistent differences in A values.
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C3 Gvmnosperms
The enrichment of

at lower elevation is consistent with transects sampled at

xeric sites in New Mexico (Lajtha and Getz 1993) and Arizona (Leavitt and Long 1982,
1983). In New Mexico P. edulis and Juniperus spp. revealed less negative

values at

the lower elevations among six sites ranging from 1960 and 2140m (Lajtha and Getz
1993). 5'^C values in P. eduHs and J. monosperma were not significantly correlated with

elevation but shifted their isotope content by -0.04 and -0.0396o/100 m of elevation
change, respectively. Leavitt and Long (1982, 1983) analyzed P. edulis and Juniperus sp.
(represented by J. monosperma, J. deppeana, J. osteosperma) spanning elevations of
101S m and 945 m, respectively. The values were not significantly correlated with

elevation but show similar gradients of-0.03 and -0.09%o/100 m (Table 7). In this study,
similar values were obtained for the P. edulis^ -0.07%o/100 m in Utah but the New
Mexico transect is much greater, -0.21%o/l00 m, but not significantly correlated with
elevation (r^ = 0.33, p = 0.11). The J. osteosperma from Utah varies by -0.14%o/100 m
whereas the New Mexico transect changes little, 0.01%o/100 m. There is little data on
Ephedra spp. in the literature, but Ehleringer and Cooper (1988) report values for £r.
viridis growing along limited transects (100 m) from wash, transition and slope habitats
that fall within the range of values reported herein (Table 1). The two species in Utah
show gradients that fall between P. edulis and J. osteo^rma at -0.09/100m and
-0.12/100m for E. viridis and E. torreyana, respectively.

Relatively high levels of intra- and intersite variability were found along both
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transects (Figure 1; Table 2). Discrimination values in the P. eduUs are less than those in
the other gymnosperm genera, Juniperus spp. and Ephedra spp., and all of the
gymnosperms show values less than the angiosperms. A similar relationship has been
observed in other studies using tree-rings (Stuiver and Brazianus ; Leavitt and Newberry
1992) and leaf tissue (Marshall and Zhang 1994; Lajtha and Barnes 1991; Delucia and
Schlesinger 1991). Low A and C, values suggest an increase in resistance to stomatal
conductance and/or reduced carbon assimilation and an accompanying increase in WUE.
However, lower A values in P. edulis do not directly correspond to greater drought
tolerance if judged by the species position on the landscape. Along the Utah transect P.
edulis extends to higher elevations than the junipers and becomes limited at the lower,
drier sites. The photosynthetic apparatus in juniper is more tolerant of low water
resources with pinyon pine losing its ability for positive carbon gain when the capacity of
the junipers is still at 35 to 50 percent (Nowak et al. 1999). In Utah, the WUE of the
lowest J. osteosperma sites decline once P. edulis is excluded from the community, which
is consistent with the findings of Lajtha and Getz (1991) and agree with the results of
Ehleringer and Cooper (1988) for desert microhabitats. Along the New Mexico transect
there is no differentiation between P. edulis and Juniperus spp. However, WUE values
are comparable below 1980m with the Utah P. edulis trees growing at the same elevation
in Utah. Upper elevation sites along both transects show differences suggesting a release
from moisture deficits as a controlling factor of carbon acquisition.
Ehleringer and Cooper (1988) report a tendency in C3 angiosperms trees from the
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Sonoran Desert to have lower Q and A values compared to shrubs. If this pattern can be
applied to C3 gymnosperms, then the comparison of P. edulis with the shrub Epheab-a
spp. holds but Juniperus spp. and Ephedra spp. values are not significantly different firom
each other. Ephedra spp. differs from the other gymnosperms by carrying out the
majority of the photosynthesis in its stem tissue. Ehleringer et a!. (1987) found that A and
C, are lower in photosynthesizing stem tissue than in the leaves from the same plant in C3
angiosperms. If this relationship holds for the gymnosperms, the photosynthesizing stem
tissue of the Ephedra spp. would have higher

values than its leaf tissue. The

similarity of the values with Juniperus spp. scales is suggested to result from the analysis
of different photosynthesizing tissues. Water-use efficiency values follow the same pattern
as A and Ci/Ca.

C, Angiosperms
The C, angiosperms exhibited the lowest WUE values and appeared to be the most
sensitive to changing environmental conditions with elevation and slope aspect.
Statistically-significant differences were found with elevation in the population of
Amelanchier utahensis growing in Utah and C. montanus from New Mexico. Similar
differences occur on north-facing aspects. Significant differences were also found on
north-facing sites of A. utahensis and C. montanus growing in Utah. Finally, of the 23
linear regressions with elevation, only 7 were statistically significant. Of the seven
gradients, the total modeled change in isotope value over the transect span never exceeded
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variability occurring between individuals at the same site. Intra-site values varied as much
as 3 to 4%o in the C3 gymnosperms, but all C, angiosperms exhibited similar differences of
2 to 3%o including C3, C4, and CAM plants. Among species, significant differences in

discrimination led to the questioning of species identifications in P. edulis where
morphological characteristics suggest a high elevation population may be transitional
between P. edulis and P. cembroides. Differentiation of J. coahuilensis from J.
monosperma, two species that share many morphological features, may also be aided by
isotope analysis. High levels of intra- and intersite

variability and a lack of significant

differences with elevation and slope aspect are the hallmark of the species analyzed across
both elevational trasects. Use of carbon isotope measurements in ecological and
paleoecological studies must be tempered to account for inherent variability within arid
land ecosystems.
Three species of C3 angiosperm shrubs were sampled along the Utah and New
Mexico transect. The 6"C values are consistently more negative than the gymnosperms.
A. utahensis has the heaviest 6'^C values of the C3 angiosperm samples from Utah,
although the mean value for all three species are within one standard deviation of each
other (Table 1). In New Mexico, C. montanus has similar isotope values to the other
Utah samples. Comstock and Ehleringer (1992) studied the seasonality of precipitation
and found that, in drier desert habitats, plants had lower A values than sites receiving
equivalent amounts of precipitation during the cool season. In this study a similar contrast
occurs between Utah, which receives ~S0% of its moisture during the summer, and New
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Mexico where more than 60% is received. However, the comparison of the C. mtmumus
growing along both gradients show no systematic shift in A values in plants growing at the
same elevation. The studies differ in that Comstock and Ehleringer (1992) used summer
deciduous Hymenoclea salsola that grows below 1400 m (Turner et al. 199S) and the
lowest elevation that C. montcams was collected is 167S m in New Mexico.
Significant correlations with elevation occur in A. utcAtensis and the New Mexico
population of C. montanus. A. utahensis spans the entire Utah transect, 1525 m, and
values shift toward higher values with declining elevation at a rate of -0.15%o/100m
resulting in a change of -2.50%o. The C. montanus shows a higher rate of change at
-0.2096a^00 m but with a reduced elevational distribution the overall change is only

-1.54%o. The shift towards lower 6"C with increasing aridity is similar to the pattern

seen among plants growing in washes and surrounding hillslopes (Ehleringer and Cooper
1988). The WUE values for the C, angiosperms, as a group, ranked below the
gymnosperms, but comparisons between species shows that some overlap. The C,
angiosperms exhibited the lowest WUE values and appeared to be the most sensitive to
changing environmental conditions with elevation and slope aspect.

Aneiosperms
C4 plants are restricted primarily to arid conditions characterized by significant
warm-season precipitation and saline conditions (Stowe and Teeri 1978). The C4 plant
Atriplex canescens showed an invariant d'^C response to changing elevation and slope
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aspect along transects in both Utah and New Mexico. The A. confertifoUa values showed
significant isotope change in elevation with higher

values occurring at lower

elevation sites. In C4 plants, the C/C, ratio and leakage fiictor

depend on

physiological and structural controls (O'Leary 1981; Evans et cd. 1986; Buchmann et al.
1996). However, the C/C, ratio has been shown to be relatively invariant to changes in
light, water and nutrients (Wong et al. 198Sa-c). In contrast, <!> has been shown to vary
diumally and increase under conditions of water and salt stress (Bowman et al. 1989).
These changes should result in isotopically more negative values at lower elevations, but
along the Utah transect A decreases resulting in higher 6'^C values. Bowman et al
(1989) found that a diurnal shift in A toward lower values is linked to a decrease in the
activity of C, compared to C4 photosynthetic carbon fixation. A. confertifoUa is a small
shrub whose leaves lie close to the ground where temperatures can be extreme. This shift
toward reduced A at lower elevations may result fi'om greater environmental stress
associated with increased temperatures. The lack of a response in A. canescens may
reflect their larger stature where the temperature extremes of the soil surface are reduced.
It is unclear if there are systematic differences between C4 plants with leaves compared to
the more often analyzed and reported C4 grasses.
Statistical difTerences in mean d"C occur between the A. canescens plants
growing in Utah and New Mexico. The New Mexico population grows under a regime of
warm-season precipitation, in contrast to the Utah samples that grow where precipitation
is evenly split between warm and cold seasons. Some of the Atriplex differences between
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transects may result from genotypic di£ferences between populations. For example, Stutz
and Sanderson (1979) describe polyploid differences between the two collection areas
with diploid (2n =18) populations found in New Mexico and tetraploid (4n = 36) in Utah.
Dunford (1984, 198S ) differentiated the populations in south central New Mexico and
west Texas and concluded that the diploid populations grow mainly on sandy soils
compared to the hexaploid plants that are found on heavier, more clay rich alluvial soils.
The tetraploids grow in areas of intermediate consistency. It is unclear if these changes
are synonymous with the changes occurring in the reported A values in the New Mexico
and Utah populations. The correlation of polyploid to soil type may have profound
implications on past community composition, especially during the reduction of
precipitation and opening of large expanses of former pluvial lake beds at the end of the
Pleistocene.

CAM an^osperms
The sampled CAM plants include both obligate and fecultative CAM physiology.
The Opuntia spp. spines showed values that are relatively invariant across the Utah
transect. However in New Mexico a significant difference was found. The slope of the
New Mexico transect shows a statistically-significant trend that appears to be determined
primarily by extreme values at the two ends of the distribution. Overall, discrimination
values are low and consistent with CAM physiology. The Opuntia spp. samples consist of
tissue sampled from the spines of cactus pads. Spine tissue is unique because it does not
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contain vascular tissue and is dead except at the veiy base where it joins the tubercle
(Noble 1988). The rapid maturation of the spines suggests that they are formed and
reflect the isotope status of the plant during a relatively short period of time. The reduced
variability of all the Opuntia spp. values (Table 1) may be the result of using spines rather
than other tissues that integrate carbon over the total growing season of the plant.
However, Eickmeier and Bender (1976) sampled Opuntia engelmannii at ISO m intervals
between 610 and 1980 m in Big Bend National Park, Texas. Isotope analysis showed a
low range of values, 1.5 and 1.2%o for the total and insoluable tissue fraction, similar to
the results in this study.
Facultative CAM plants are known to shift from CAM to C3 physiological
processes with cooler temperatures, shorter photoperiods and relaxation of water stress
(Bartholomew 1973; Hanscom and Ting 1978; Hartsock and Nobel 1976; Osmond 1978).
Hypothetically, less negative isotope values should occur at lower elevations under
warmer and drier conditions and more negative

values, resulting from increased C3

carbon fixation, should be restricted to more mesic, cooler upper elevation sites. If
variability in A is an adaptive strategy against long-term drought then the ability of
facultative CAM plants to exploit both CAM and C3 photosynthesis should result in an
overall reduction in A variability. As predicted, the Yucca spp. sampled for this study
show the lowest variability in those samples with A values typical of CAM fixation. In
the samples with dominant C3 carbon fixation the variability rose to values similar to the
gymnosperms and angiosperms, even though the mean values are statistically distinct.
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CAM physiology is often associated with succulence characteristic of the Y.
baccata samples collected along both transects. In general the samples had low A values
typical of CAM photosynthesis. However, in Utah lower 6"C values typical of C, plants
were found in samples at both elevational extremes (Figure 7; Table 5). Y. baccata grows
at midrange elevations intermixed with predominantly C, vegetation (Figure 7; Table S).
Wallen and Ludwig (1978) report the net photosynthesis peak for Y. baccata is 25 °C
compared to 35 "C for Y. elata, which is consistent with the upper elevation distribution
of Y. baccata compared to the other Yucca species and its overall distribution (Hastings et
al. 1972). Kemp and Gardetto (1982) report that Y. baccata and Y. torreyi are obligate
CAM plants and follow the diurnal pattern of gas exchange described by Neales (1975).
These characteristics include dark uptake of COj, a burst of COj uptake just after
illumination, near zero CO2 flux during midday and increasing CO2 uptake after midday.
However, Y. baccata is somewhat different and is affected by irradiance during the day
that results in CO2 uptake during the afternoon and not the following evening. The lower
5'^C values at the elevational extremes are enigmatic and are not accounted for by the
findings of Kemp and Gardetto (1982), but can only occur if these lower elevation Y.
baccata samples represent facultative CAM plants.
In Utah, the Y. glauca samples spans, 1370 m and reflect A values typical of C,
photosynthesis, even though the lower elevations are typified by extreme hot, dry
conditions. However, the isotope values are more enriched (more "C), as a group, than
either the gymnosperms or the other angiosperms. It suggests that either some carbon is
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being fixed using CAM physiology or that the species is typified by very low A levels. In
New Mexico K elata showed 6"C values typical of CAM physiology at the upper
elevations and more negative values in the midrange to lower sites. The more negative C3
values occur at the lower elevations, which contradict theoretical relationships between
environmental factors driving the switch from CAM to C3 physiology. Cleaily additional
work needs to be done to clarify these results, especially in light of Kemp and Gardetto
(1982) who report that Y. elata shares none of the responses typical of CAM physiology
and shows only C3 physiology. They failed to find carbon uptake, carboxylation or tissue
acidification at night under a variety of environmental conditions. In addition a measure of
mesophyll succulence, defined as the ratio of water content to chlorophyll content of
photosynthetic tissue, returned values significantly lower (0.27 ± 0.02) than Y. baccata
(1.39 ± 0.18) with the dividing line between CAM and non-CAM plants being 1.
However, Syvertsen et al. (1976) list both Y. baccata and Y. elata as CAM plants based
on leaf succulence and diurnal fluctuations in titratable acidity.

Conclusions
This study shows that lower d"C values occurred at lower elevations in select Ca
gymnosperms and angiosperm species along two transects spanning more than 1500
meters. However, values at each site often showed greater variability than systematic
changes across the species elevational distribution. Along both transects 6'^C in C3 plants
decreased with elevation and two of the species showed significant differences on south-
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facing slopes. Isotope values in €« plants changed little along the transects although
interesting patterns emerged comparing species and transect values. The obligate CAM
plant Opuntia spp. changed little with elevation as did the facultative CAM plant Yucca
baccata. Isotopically light values were found along the Utah transect in Y. baccata at the
two elevational extremes, a result counter-intuitive to carbon acquisition theory. Mixed
results were found in the non-succulent Y. elata and Y. glauca where the former is
characterized by C, isotope values across its elevational distribution and the latter show
values both isotopically enriched and depleted even though it has been identified as a Cs
plant. Throughout the analysis, isotope changes occurring across the elevational
distribution of each species were less than the range of values occurring within each site.
With high levels of intra-site variability the application of systematic corrections to
samples to standardize different elevations are not supported.
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Abstract
Long chronological sequences of fossils, collected throughout the southwestern
U. S., point to systematic shifts in plant distributions southward and lower in elevation
during the last glacial maxinium. In addition to changes in climate a significant reduction
in atmospheric COj may have affected the physiology of plants growing under changing
atmospheric conditions. Macrofossils representing major floral elements were sampled
from the Holocene (0 to 12,000 calendar years B.P.), transition (12,000 to 15,000 cal. yr.
B.P.) and Pleistocene (>15,000 cal. yr. B.P.) time periods. By applying atmospheric COj
and 5'^C values from the ice-core record, plant discrimination (A), water-use efficiency
(WUE), and the internal COj value (Cj) along with the C/C, ratio were calculated for
select species during each period. Samples include representatives of C, gymnosperms
plus C4 and CAM angiosperms with both obligate and facultative CAM physiology. Pinus
edulis and Juniperus coahuilensis increased their WUE by 28% and 20% as atmospheric
CO2 increased 30% at the end of the last ice age. In addition, P. edulis and Juniperus spp.
differ in their ecophysiological response to low atmospheric CO2 concentrations. The
pinon pines retain a nearly constant C/C, ratio through time, whereas the junipers change
the C/C, and their C, values. The pifion pines seem able to adjust physiologically and
morphologically to a greater degree than junipers. Estimates of Q during the last ice age
show levels in P. edulis around 85 ppmv whereas in Juniperus spp. concentrations were as
low as 60 ppmv. The C4 plant Atriplex canescens is characterized by little change in
and the calculated physiological parameter, except A and Q between the Pleistocene and
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Holocene. Spines from the obligate CAM plant Opuntia spp. were the best sample type
represented in the study and showed the least variability through time. They also appear
to respond to changing atmospheric

suggesting that physiological mechanisms can

overcome low atmospheric COj. The Yucca spp. samples were split between succulent
and non-succulent species using stomatal characteristics and the 6"C signature of the
tissue. The non-succulent species were typified by isotope values of C3 photosynthesis,
whereas the succulent species showed enriched values typical of obligate CAM
physiology. Overall this study shows different modes of adaptation to past variations in
atmospheric CO2 and that species ecophysiological responses are continuing as carbon
dioxide concentrations increase.
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Introduction
Gas-bubbles trapped in ice cores from the polar regions show that atmospheric
CO2 concentrations were 30% lower (180 ppmv) during the last ice-age compared with
preindustrial Holocene values (280 ppmv) (Bamola et al. 1987; Neflel et al. 1988;
Indermuhle et al. 1999). The physiological response of plants to lower concentrations of
atmospheric CO2 since the fiill glacial are poorly understood but important as a measure of
plant adaptation to changing atmospheric CO2 concentrations. Two approaches have been
taken toward understanding plant response to low CO2 concentrations. Controlled
environmental studies have grown select species of plants along atmospheric CO2
gradients spanning concentrations representing the late glacial maximum (LGM) to
modem conditions (ISO to 350 ppmv) (Polley et al. 1992a, b; 1993a, b; Malone et al.
1993). These experiments have provided a detailed physiological framework to
understand past plant response, but provide little information on the direct and indirect
effects of several environmental factors on plant physiology under natural competitive
conditions. A second approach has been to investigate past physiological responses using
detailed morphological and geochemical analysis of fossil plant remains (Marino et al.
1992; Beerling et al. 1993a, b; Beerilng and Woodward 1993; Van de Water et al. 1994).
However, past studies have relied on small sample numbers and single species to
characterize changes occurring over long periods. At present, little information exists
about how species with different photosynthetic pathways or functional types might have
responded differently to CO2 variations at the same sites since the last ice age. This is
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especially critical in arid environments, where CO2 variations interacted with climate
variability to affect gas-exchange processes.
Atmospheric COj is the primaiy substrate for carbon acquisition in plants. CO2
enters the leaf through open stomata that in turn allow the transpiration of plant water to
the atmosphere. During the last glacial maximum when atmospheric CO2 was ca. 180
ppmv the internal COj concentration (C^ would have been approximately 60% of
Holocene values, if all other physiological and morphological properties were kept
constant. With atmospheric COj resources limited, any natural process that lowered C,
would have played an increasing role in determining overall rates of carbon acquisition.
Physiological models of carbon assimilation with changing Q suggest a 50% reduction in
the rate of carbon assimilation at LGM COj concentrations, if the mesophyll resistance to
CO2 conductance remained constant (Farquhar and Sharks 1982). Q is controlled not
only by atmospheric CO2 concentrations, but also by plant water status, which affects the
opening and closing of the stomata. Low atmospheric CO2 presents a paradox for the
plants in that stomata need to be open longer to maximize Q, yet this increases plantwater conductance resulting in greatly enhanced levels of plant-water loss. The interplay
between gas-exchange is especially important under xeric conditions where higher
temperatures and lower humidity prevail. Hence, paleoclimatic inferences from past plant
distributions are incomplete without considering direct and indirect CO2 effects upon past
plant physiology
The physiological response of plants to low atmospheric CO2 has been studied in
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Britain and Norway using leaf fossils preserved in bogs. Leaf 6"C values of the C, tree
Salix herbaceae^ dated from 12,000 to 10,000 years B.P., are characterized by increasing
discrimination and C/C, ratios as atmospheric COj rose. These shifts have been correlated
with rising temperatures at the fossil sites (Beerling et al. 1993; Beerling and Woodward
1993; Beerling 1996). Van de Water et al. (1994) analyzed 6''C value of Pirns flexilis

needles from packrat middens dated to the last 40,000 calendar years B.P. They inferred a
15% increase in WUE along with increasing A, C/C„ and Q values during deglaciation.
Packrat middens represent discontinuous snapshots of vegetation that was growing within
the proximity of each den. Chronologies of vegetation change are built from the analysis
of multiple middens over large areas. Van de Water et al. (1994) compared glacial-age
needles from the southeastern Colorado Plateau with needles from Holocene sites in
southern Idaho that are currently analogs of past vegetation and climate estimates. By
moving latitudinally from Pleistocene sites to Holocene sites, temperature and water vapor
content were held essentially constant. The use of C4 species as a proxy for atmospheric
5'^C has also been tested using packrat midden macrofossils of Atriplex confertifolia
(Marino et al. 1992). These C4 plants showed a 1.0 to 0.7%o change between fiill-glacial
and the Holocene. Similar resuhs are reported for a more extensive analysis of A.
canescens leaves collected from packrat midden sites throughout the southwestern U.S.
(Van de Water et al. appendix B), although high levels of variability resulted in no
significant differences between the two time periods..
In this study we assess the response of plant populations to changing atmospheric
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COj conditions over the past 50,000 years B.P. using macrofossils from packrat middens.
The packrat midden record of western North America represents the richest archive of
plant macrofossils available for isotope studies (Betancourt et al. 1990).
chronologies are presented for macrofossils representing C,, C4 and CAM plants along
latitudinal gradients to: 1) compare the response of the major carbon acquisition pathways
to changes in atmospheric COj through time, and 2) determine changes in
ecophysiological parameters associated with past plant populations. The species analyzed
include the C3 gymnosperms Ephedra spp., Juniperus coahuilensis, J. monosperma, J.
pinchotti, J. scopulorum, Pinus eduUs and P. remota, the C4 angiospenm A. canescens
and representatives of both obligate and facultative CAM physiology in Opuntia spp. and
Yucca spp. respectively. Ecophysiological parameters of A, WUE, C; and the C/C, ratio
are reported for the C3 and C4 samples. Isotope values are compared along latitudinal
gradients to constrain climatic change through time by moving along a southeastern
transect in progressively older samples. Sampled middens were collected along a transect
from the southeastern comer of the Colorado Plateau (southeast Utah and northwest New
Mexico) to the Big Bend Region (west Texas).

Stable Carbon Isotopes and plant physiology: theory
Stable Carbon Isotopes
Models of photosynthesis and carbon fixation in C3 and C4 plants were first
proposed during the early 1980's. The ft'^C signature of a C3 leaf is an integration of
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stomatal and mesophyll resistance to the uptake of atmospheric CO2 (Farquhar et al.
1980, 1982; O'Leary and Osmond 1980; Vogel 1980). Fractionation within C, plants is

expressed as

where a is

fractionation by diffusion of atmospheric CO2 through the stomata

(4.4%o), b is the net fractionation caused by the enzymes Rubisco and PEP carboxylase

(ca. 27%o), and C, /C^ is the ratio of intercellular to atmospheric COj (Ehleringer 1991).
The C/C, ratio represents a balance between diffusion, stomatal resistance and mesophyll
resistance to carbon fixation (Ehleringer and Cerling 199S). Open stomata result in the
free flow of the atmosphere into the leaf where fractionation against

is primarily

controlled by the enzyme Rubisco. The 6"C of the fixed carbon shifts toward enzymatic
discrimination of-27%o. As stomata close, the residual COj pool in the stomatal
chamber becomes enriched in "CO2. Discrimination by Rubisco is limited and the
signature of fixed carbon shifls toward the value of atmospheric 6"C minus the diffusion
coefficient of 4.4%o, or about - 1296o (O'Leary 1993).
A similar model links 6"C to C4 plant physiology. In C4 plants, photosynthesis is
displaced spatially and concentrated in the bundle sheath cells. CO2 enters the mesophyll
and is carboxylated by PEP-carboxylase, transported to the site of fixation, decarboxylated
and fixed using the C3 photosynthesis cycle. High concentrations of CO2 dampen
enzymatic fractionation resulting in heavy 6'^C values driven primarily by diffusion and the
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atmospheric 6"C value. During fixation, CO, may leak fi'om the bundle sheath cells into
the mesophyll and be fixed by C, photosynthesis, depleting the 6"C content of the tissue.
C4 carbon isotope discrimination can be described using
(£4.2)

where a is 5"C fi'actionation fi'om diffusion through the stomata (4.4%o),

is

fractionation by the enzyme PEP carboxylase (-5.7%« at 30°C), and C/CJs the ratio of
intercellular to external COj. The term bj is the fixation of carbon leaked firom the bundle
sheath cells using the C3 Rubisco pathway, s is the fi'actionation occurring during leakage
from the bundle sheath cells (1.8%o) (Henderson et al. 1998) and

is the fi'action of

carbon fixed by the C3 compared with the C4 pathways.
Crassulacean Acid Metabolism (CAM) plants regulate carbon acquisition
temporally by acquiring CO2 during the nighttime when evapotranspiration is minimized.
During daylight the stomata close and the stockpile of carbon is fixed through
photosynthesis. The concentrating mechanism maximizes photosynthesis and restricts
water-use. Two photosynthetic variants are recognized. Facultative CAM plants shift
their physiologies between CAM carbon fixation mechanisms and C, photosynthesis
during favorable environmental conditions, whereas obligate CAM plants fix carbon only
through CAM physiology. Carbon acquisition in CAM plants is not affected by COj
leakage and C, fixation in the mesophyll as in C4 plants, thus their 6"C is less variable
(Vogel 1993). This results in obligate CAM photosynthesis producing heavy (more "C)

250

values that reflect discrimination principally from difiusion processes whereas fiicultative
CAM fixation results in

values spanning the €3 to C4 continuum.

Eco-physioiogical panuneters
Gas-exchange flux rates, that mediate carbon assimilation and conductance within
a plant, are influenced by a wide variety of environmental conditions including solar
irradiance, temperature, vapor pressure gradients and soil moisture. The difficulty in
determining the effect of these variable factors led Ehleringer (1993a, 1993b) to propose
using the C/C, ratio as a set-point of gas-exchange activity. The C/C, ratio represents the
balance between inward CO2 diffusion, controlled by stomatal conductance, and carbon
assimilation through photosynthesis. In addition, the isotope discrimination in C, plants
can be tied to photosynthetic gas-exchange because in part it relies on the C/C, ratio
(Farquhar et al. 1982, 1989; Farquhar and Richards 1984). Ultimately, the isotope value
of plant tissue is dependent upon processes leading to discrimination (A) against 6"C
during carbon fixation. Variability in A and therefore C/C, results from differences
inherent to stomatal opening and chloroplast demand for CO2. However, for plant isotope
values to be comparable they must be standardized against changes in the atmospheric
6'^C content. Once corrected, the isotope value reflects discrimination, defined as

Discrimination = A =

2—
1 +(6"C/1000)

iEq. 3)
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where 5"C, and d'^Cp are the carbon isotope content of the air and plant material,
respectively. Discrimination is reported as a positive number using per mil (96o) notation.
Changes in environmental parameters other than atmospheric COj and 6"C have
been found to afifect the carbon isotope value of plant tissue. Environmental conditions
that influence stomatal opening and conductance include water availability, the vapor
gradient between the leaf and the atmosphere and the leaf temperature. Carbon isotope
discrimination is a proxy measure of the C/C, ratio, and is strongly correlated with wateruse efficiency (WUE). WUE is the carbon assimilated (A) divided by water vapor
conductance (g) from the plant. Intrinsic WUE is modeled as
A/g

where

and

= (c^-c.)/1.6

(EqA)

is the intercellular and atmospheric partial pressures of COj, g is the leaf

stomatal conductance to water vapor and 1.6 is the ratio of difilisivity of water to
atmospheric COj. At shorter time scales instantaneous WUE is used where evaporation
(E) is substituted for conductance (g) and the leaf-to-air vapor gradient (v) is an important
factor (Ehleringer 1991). Calculation of WUE allows comparison of ecophysiological
parameters between species or genotypes along environmental gradients, if leaf
temperatures remain constant (Farquhar and Richards 1984).
In the arid western United States, steep environmental gradients of temperature
and precipitation determine plant distributions (Whittaker and Niering 1965). Analysis of
native plant populations growing along two elevational gradients in Utah and New Mexico
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failed to show systematic changes in 6"C with elevation, although values on southern
aspects and at lower elevations generally higher 5"C (decreased A) (Van de Water et al.,
appendix C). Results are consistent with water limitation and decreased conductance at
lower elevations under arid conditions. However, the weak relationship between carbon
isotopes and elevation, shown by species common to this study, obviates any adjustment
of fossil 6"C lerf for elevation.

Site Description and Methods
Plant material
Macrofossils for this study were randomly chosen from previously identified loose
packrat midden material. The middens were sampled during paleoecological studies of the
southeastern Colorado Plateau (S.E. Utah and N.W. New Mexico), middle Rio Grande
Basin (Sevilleta LTER), Tutarosa Basin - Hueco Basin (south-central New Mexico and
West Texas) and the Big Bend region (west Texas) (Appendix A). The isolated
macrofossils include A. canescens leaves. Ephedra sp. and Juniperus sp. twigs, Opuntia
spines, Pinus sp. needles, and leaf tips firom Yucca sp. In addition to the older midden
material, two sets of modem middens were sampled to test the similarity of the 6"C in
local plant communities to midden macrofossils. Atriplex canescens leaves were isolated
from middens collected at Chaco Canyon National Historic Park in 1982 and Pinus edulis
needles were sampled from midden material collected at Sunset Crater, AZ, in 1995.
Macrofossil abundance dictated the number of individuals in each sample with 30 fossils
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being the maximum collected. Each sample contains a suite of fossil fragments of
unknown provenance. The macrofossils could represent a single plant at a given time or
multiple plants sampled over the occupancy of each midden. In addition, multiple midden
occupations have been recognized in very large midden deposits (Spaulding et al. 1990).
However, most midden researchers collect only small portions of a deposit to avoid mixed
assemblages.
Additional analysis of the juniper samples as undertaken to incorporate better
diagnostics for discriminating junipers since many middens were first collected. A revision
by Adams (1994) has elevated J. erythrocarpa var. coahuilensis to species status. J.
coahtiilensis currently grows at low elevations grading into the lower and southern limits
of J. monosperma. The junipers were split by species using stomatal placement, size and
shape along with overall scale and scale-edge morphology. The species identified include
J. ashei, J. coahuilensis, J. monosperma, J. osteosperma, J. pinchotii and J. scopulorum
(Kate Aasen Rylander pers. conun). Low sample numbers of 7. ashei and J. osteosperma
excluded them fi'om further analysis. Pifton pine samples were differentiated between the
species Pinus edulis and P. remota, following Lanner and Van Devender (1981). The
small Opuntia spp. spines used in this study are nearly indistinguishable so no attempt was
made to delineate the species. In the Ephedra spp. and Yucca spp. small sample number
precluded species differentiation. However, the Yucca sp. samples were split between
facultative and obligate CAM physiology using the isotope signature of the tissue. In
addition, leaf cuticle preparations were available for numy of the samples and were
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identified as either succulent (CJ or non-succulent (C3) using characteristics of the
stomatal complex following Sobolik (1992). Samples with intermediate 6"C values, 16%
of the total, were excluded from further analysis.
Midden samples were placed into a temporal framework u^g radiocarbon ('*C)
dates provided by the original researchers. Multiple dates from the same midden have
been used to test the accuracy of the initial age determination or establish contemporaneity
of different taxa (Van Devender et al. 1985). In this work, where multiple dates are
available and overlap at three standard deviations, the dates were averaged. It is assumed
throughout that the period of deposition represented by the midden is less than the
standard deviation of the associated radiocarbon date. If the radiocarbon dates are
disparate, we chose bulk dates over

analysis of single plant fhtgments (Appendix A).

We recognize that mixing of plant fragments happens occasionally in middens and that the
age of a particular midden may differ from the age of individual and pooled macrofossil
samples (Van Devender et al. 1985). To compare the midden and ice core records, all
dates were converted to calendar yrs B.P. "C dates less than 18,000 '*C yrs B.P. were
converted using the "Calibrate" computer program (Stuiver and Reimer 1993). Older
dates were converted employing U-Th calibrations from Barbados corals (Bard et al.
1993).

Laboratory Methods
The isolation of leaf tissue components, before analysis, used standard chemical
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extraction techniques (Pettersen 1984; Leavitt and Danzer 1993). Samples were ground
in a Wiley* mill until the material passed through a 20-mesh screen. The ground material
was pouched using conunercially available filter material, heat-sealed to resemble a teabag. Holocellulose was extracted by placing the pouches in a soxhlet to remove waxes
and resins using an ethanol/toluene and ethanol wash. The samples were then bleached
with acidified Na-chlorite to remove residual iignin (Green 1963; Leavitt and Danzer
1993). Significant contributions of 6"C fi'om Ca-oxalate crystals in plant material, have
been reported in select C4 and CAM species (Rivera and Smith, 1979; Van de Water,
appendix A). To remove Ca-oxalate fi'om the Atriplex canescens and Opuntia sp. tissue a
procedure was developed fi}llowing Baker (1952). Holocellulose samples were washed in
10% HCl for a period >24 hours with two to three changes of the acid solution. After
each chemical process, samples were washed until neutral using deionized water, then
dried prior to loading into tubes for combustion and analysis.
The dried samples were removed fi'om their pouches and up to 3 mg weighed for
combustion to COj and HjO. The samples were placed in Vycor* tubes with copper oxide
to provide excess oxygen during combustion. Sample tubes were evacuated and torch
sealed, then burned at 900° and 650° for two successive 2-hour periods. All tubes were
cracked in vacuo and the COj cryogenically isolated, then measured on a Finnigan MAT
Delta-S* mass spectrometer. The 6"C results are reported with respect to the
intemationaUy-accepted PDB standard (Craig 1957). All holocellulose samples and
holocellulose samples treated for the removal of Ca-oxalate, were corrected to whole
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tissue values. The correction factor is -0.699(o for Cj gymnosperms, -2.4996o for C4
angiosperms and 1.2l%» for CAM plants (Van de Water, appendix A). Lab standards are
run with every ten samples as an internal check of laboratory precision. The mean and
standard deviation of the C3 and C4 standards (23.88 ^ 0.18, n = 161; -11.01 ± 0.16, n =
107) were not significantly different from the standards analyzed with each macrofossil
type; A. canescens (0^ =-23.S\ ±0.\9-,Ct =-10.97 ±0.15), Ephedra sp. (C3 = -23.84±
0.10, C4 = -11.04 ± 0.10), Juniperus sp. (C, = -23.85 ± 0.13; C4 = -11.00 ± 0.12),
Firms sp.(C3 = -23.88 ± 0.05; C4 = -10.98 ± .02), Opuntia sp. (Cj = -23.84 ± 0.05; C4 =
-10.99 ± 0.14) and Yucca sp. (C4 = -10.99 ± 0.08 ). The standard deviations of the
associated standards fell below 0.2%o, a value estimated as the overall laboratory error.
Values were segregated into three difTerent periods following Van de Water et al.
(1994); zero to 12,000 calendar years B.P. for the Holocene (H), 12,000 to 15,000 for the
Transition (T), and 15,000 and older for the Pleistocene (P). Carbon isotope results were
analyzed using the SPSS statistical package. To test for significance between the discreet
periods using continuous data we employed ANOVA along with the Tukey comparison
(Schott 1990). Normality in the data's distribution as tested before analysis. Where nonnormal distributions existed they were transformed to better express normality. Power
estimates were calculated to determine the type of transformation to better estimate
normality prior to statistical analysis. Significance was set at the 5% level throughout.
Reconstruction of ecophysiological parameters relies on accurate proxies of past
atmospheric CO2 and 6"C concentrations. Values reported from the Byrd, Vostok and
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Taylor Dome ice-cores (Barnola e/a/. 1987;Neftel«/a/. 1988; Indermuhle e/a/. 1999)
were used to calculate past COj concentrations. Atmospheric COj values were averaged
for every SOO-year period starting 250 years ago, the approximate beginning of
industrialization. Fewer 6"C values are available to interpolate past atmospheric
composition. The atmospheric

was estimated by applying an 8* order polynomial

curve to values from the Byrd (Leuenberger et al. 1992) and Taylor Dome (Indermuhle et
al. 1999) ice-cores. The flexibility of the spline was chosen to approximate rapid changes
in the ice-core record. Proxy plant values were not considered because of high levels of
5'^C variability associated with the reconstructions ((Marino et al. 1992; Toolin and
Eastoe 1991; Van de Water et al., appendix B).

Modern Midden Comparison with the surrounding plant communities
The isotope value of midden material must reflect the local plant community for
valid comparisons to be made about the past. We compared leaves from nearby plant
communities to macrofossils contained within modem middens. Macrofossils of the €«
angiosperm A. canescens and the C3 gymnosperm Pinus edulis were sampled from loose,
unconsolidated midden material typical of current or recently occupied packrat dens. The
A. canescens leaves were compared against plants sampled along an elevational gradient in
southeastern Utah (Van de Water et al.-, appendix C). The modem Utah transect is
characterized by average values of -12.23 ± 0.62%o (n = 20 plants) and was statistically
indistinguishable from modem midden values from Chaco Canyon, -11.73 ± 1.22%o (n =
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18) (Figure A). The O.S%o difference, however, could be explained by the estimated 0.6%o

change in atmospheric 5"C between the collection dates of the middens in 1982 and
modem plants (Whalen pers. comm.). Besides modem Atriplex canescens, we analyzed
Pinus edulis growing at Sunset Crater National Monument in northem Arizona.
Separation of annual leaf cohorts collected from the cardinal directions in each of 17 trees
yielded 112 samples for 6"C analysis. Annual leaf cohorts spanned the period 1985 to
1995. The 6"C value was obtained for living trees at Sunset Crater (-21.06 ± 0.79%o)
and for pine needles from five modem middens (-20.71 ± 0.59). Beyond the modem
middens, we attempted to mimic middens by randomly selecting needles from the
separated annual leaf cohorts from Sunset Crater. We did this ten different times and
averaged the results (-20.98 ± 0.17%o). No statistical differences were found between the
modem midden, modem tree values and synthesized needle groups (df = MA, p = 0.59).

Results and discussion
Cj Gymnosperms
Evergreen conifers are a common component of the packrat midden record, so
many samples were available for analysis. The species selected include representatives of
Pinus spp., Juniperus spp. and Ephedra spp. (Appendix A, Figure 1,2,3). Throughout the
analysis Juniperus spp. is characterized by the less negative 6"C values with P. edulis
having lower 6"C values and Ephedra spp. values the most depleted in "C. The order of
isotope values are reversed compared with P. edulis and Juniperus spp. samples from
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modem elevational tnuisects (Van de Water et al., appendix C) and recent studies (Leavitt
and Long 1982; Lajtha and Getz). Isotope analysts of herbarium specimens collected over
the past century from northern Arizona and northwestern New Mexico indicate that this
reversal has occurred recently. Pedicino et aL (1999) show that the 6"C of P. edutis and
J. scopulorum were nearly identical around 1900 A.D. but since then the juniper has
become increasingly "C depleted while P. edulis has maintained its mean isotope value.
In the older midden samples P. edulis values failed to show a significant change, less than
3%, in 5"C or the calculated parameters of A and C/C, since the Pleistocene. However,
significant differences did occur in WUE and O, (Table 2). Between the Pleistocene and
Transition as well as the Transition and the Holocene, WUE differed by 18% and 12%,
respectively, whereas Q varied by 14% and 18%. A limited number of Pinus remota
samples are characterized by values similar to P. edulis during the Pleistocene (n =7).
5'^C and reconstructed ecophysiological values for the ice-age samples are within a
standard deviation of the P. edulis values, suggest similar physiological set-points during
past low atmospheric C02.concentrations (Table 1).
The juniper samples show variable 6"C and A values during the Holocene,
transition and Pleistocene. J. coahuilensis is represented by the greatest number of
middens from the three time periods with 47, 9 and 24 samples, respectively. Significant
differences were found between the Pleistocene and Holocene samples with a 0.7 shift
toward depletion in "C values, a 9% change in A and a 16% shift in the C/C, ratio (Table
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Table 1. Calculated eco-physiological parameters for the species reported in this study.
values are whole tissue corrected from holocellulose and holocellulose treated to
remove Ca-oxalate following Van de Water (Appendix A). Calculated values used
atmospheric 6"C values reconstructed from the Byrd (Lcuenbcrger et at. 1992) and
Taylor Dome (Indermuhle et al. 1999; Smith et cd. 19^) ice cores. Atmospheric CO,
values are SCO-year averages of reported ice core concentrations from Vostok (Bamola et
al. 1987), Byrd (Neftel et al. 1988) and Taylor Dome (Indermuhle et al. 1999; Smith et
al. 1999) ice cores. All values reflect calculated means for those samples falling within the
period.
Species
6"C
Discrimination WUE
Ci/Ca
Q
n
Period
A triplex canescens
Holocenc
-13.1 ±0.8
Transition
-12.8 ±0.7
Pleistocene
-12.6 ±0.8
Ephedra sp.
Holocenc
-21.8 ± 1.6
Transition
-20.8 ± 1.2
Juniperus coahuilensis
Holocenc
-19.2 ±0.6
Transition
-19.2 ±0.5
Pleistocene
-18.5 ± 1.1
Juniperus monosperma
Holocenc
-20.0 ±0.7
Juniperus pinchotii
Holocenc
-19.1 ± 1.0
Plcistoccnc
-18.4 ±0.7
Juniperus scopulorum
Holoccnc
-20.00 ±0.5
Opuntia sp.
Holoccnc
-9.5 ±0.7
Transition
-10.0 ±0.8
Pleistocene
-9.7 ±0.6
Pinus edulis
Holocenc
-20.5 ±0.9
Transition
-20.5 ±0.5
Pleistocene
-20.9 ±0.7
Pinus remota
Pleistocene
-21.2 ±0.9
Yucca sp. (C3 type)
Holoccnc
-18.9 ± 0.8
Yucca sp.(C4 type)
Holoccnc
-8.2 ±0.8
Transition
-9.9 ±0.2
Pleistocene
-8.8 ± 1.0

6.7 ±0.8
6.0 ±0.7
5.7 ± 0.9
15.6 ± 1.7
14.2 ± 1.2

94.7 ±25.1
98.3 ± 39.9
78.2 ± 34.4
88.1 ± 14.1
87.2 ± 9.8

0.42 ±0.04
0.43 ±0.04
0.46 ±0.04

122.8 ± 40.9 65
91.0 ± 54.8 5
71.5 ± 50.5 5

0.48 ± 0.07
0.42 ±0.05

130.4 ± 15.5 11
100.7 ± 12.4 7

12.9 ± 0.6
12.5 ± 0.5
11.7± l.l

108.3 ± 5.4
99.3 ± 5.2
86.5 ±7.1

0.37 ±0.03
0.35 ±0.02
0.31 ±0.04

100.4 ±8.1 47
85.4 ± 5.5
9
63.3 ± 10.4 24

13.8 ± 0.8

103.7 ±5.8

0.40 ± 0.03

111.8 ±8.8

12.8 ± 0.9
11.7 ±0.8

109.9 ± 7.0
84.3 ± 4.3

0.36 ± 0.04
0.31 ±0.03

99.8 ± 10.5
61.1 ±7.1

4
5

13.7 ±0.6

101.4 ± 2.8

0.40 ± 0.03

108.0 ± 10.5

5

3.1 ±0.7
3.2 ± 0.8
2.8 ±0.6

148.1 ± 12.2
132.4 ± 13.6
104.5 ± 8.8

0.13 ±0.07
0.12 ±0.08
0.16 ±0.06

36.0 ± 19.0 80
29.9 ± 18.3 20
31.4 ± 12.5 31

14.3 ± 0.9
13.9 ±0.5
14.2 ±0.8

99.9 ± 7.8
87.5 ±4.5
71.6 ±5.6

0.42 ± 0.04
0.41 ±0.02
0.42 ±0.03

117.7 ± 10.4 43
%.3 ± 5.2
9
82.4 ± 5.9 19

14.5 ± 1.0

68.8 ±4.9

0.43 ± 0.04

84.7 ± 9.3

12.6 ±0.9

111.6 ±6.0

0.35 ± 0.03

98.0 ± 10.7 19

1.7 ±0.8
3.0 ± 0.2
1.9 ± 1.0

124.5 ± 11.4
132.8 ± 2.5
90.6 ± 10.0

0.27 ± 0.08
0.14 ±0.02
0.25 ±0.10

72.9 ±21.9 16
33.3 ±4.0
2
49.3 ± 20.8 4
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Figure 1. Disrimination values of Pinus edulis and Pimts remota from packrat
middens dated to the last 40,000 calendar years B.P.
2). In each case, splitting the periods and inserting transitional values between the

Pleistocene and the Holocene produced no-significant changes. The parameters of Q and
WUE were significantly different between each period and show changes that range
between 8% and 37% (Table 2). Limited samples of J. pinchottii are characterized by
and ecophysiological values that are similar to J. coahuilensis during the Holocene (n
= 4) and the Pleistocene (n = S). However, the small sample size precludes valid statistical
comparisons. A robust record of J. monojperma (n = 32) is restricted to Holocene
middens from Chaco Canyon National Historic Park. Isotope and calculated
ecophysiological values all fall within a single standard deviation of the J. coahuilensis
values growing at the Sevilleta. The mean Holocene values of/, monosperma are
isotopically more negative than J. coahuilensis that is consistent with the rankings
occurring along modem vegetation transects in south central New Mexico (Van de Water
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Figure 2. Discrimination values of Juniperus coahuilensis, J. monosperma, J. pinchottii
and J. ashei from pacicrat middens dat^ to the last 40,000 calendar years B.P.
et al., appendix C).
The Ephedra spp. were not separated to provide sufficient collected sample for
statistical comparisons. Isotope and calculated physiological parameters show little
difference between the Transition and the Holocene (Table 2), except for Cj values that are
significantly different. The response is similar to that of P. edulis, except that WUE
showed little change between the two periods in the Ephedra spp. The standard
deviations associated with each measurement are much larger than for the other two
gymnosperms and may indicate greater isotope disparity between the species grouped
together or reflect the variability of the overall low sample numbers.
Responses to changing atmospheric CO, differ between the Pinus spp., Juniperus
spp. and Ephedra spp. samples. In P. edulis,

A and the C/C, ratios varied little between

each period. However, mean Q values during the Pleistocene were as low as 83 ppmv.
Using the modeled relationship between Q and carbon assimilation rates (Farquhar and
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Figure 3. Discrimination values of Ephedra spp. from packrat middens dated to the last
40,000 calendar years B.P.
Sharkey 1982), the carbon acquisition rate during the Pleistocene in P. edulis would have
been less than 50% of historic pre-industrial levels. Unlike the piflon pines, in the J.
coahuilensis samples the C/C, ratio show a significant decrease between the Pleistocene
and the Holocene. Estimated mean Cj values drop as low as 63 ppmv The Pleistocene J.
pinchottii samples show even lower mean C, values at 61 ppmv. Significant changes in the
C/C, ratio coupled to the low C, values suggest that the plants were finding it increasingly
difficult to get CO2 to the site of carbon fixation. This results in the estimate for modeled
carbon assimilation rates being even lower than those of P. edulis. The Ephedra spp.
samples are limited in number and restricted to only transition and Holocene samples.
However, between the Transition and the Holocene, C/C, remained increased slightly than
the concentrations in the other Q species during the transition period (Table 1).
At low atmospheric CO2 concentrations any mechanism that restricts CO2 uptake
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Table 2. Statistical results of all samples compared to their period of deposition using
Oneway ANOVA. Reported values are Tukey analysis. Values in parenthesis are the
percent change between each period. * denotes significance at the 0.01 level.
Species

6"C

A

C/C.

Atriplex canescens
HtoT
0.66(2%)
H to P
0.27 (4%)
T to P
0.87 (2%)

0.13(10%) 0.78 (2%)
0.01 (15%)* 0.08 (9%)
0.51 (7%)
1.00 (5%)

Ephedra spp.
HtoT

0.14(9%)

0.37 (5%)

Ci

WUE

0.25 (26%) 0.95 (-4%)
0.03 (42%)* 0.38 (17%)
0.75 (21%) 0.46 (20%)

0.14(13%) <0.01 (23%)* 0.99 (1%)

Juniperus coahuilensis
HtoT
1.00(0%) 0.91 (3%)
0.90 (5%) <0.01 (15%)* 0.01 (8%)*
HtoP
0.01 (4%)» <0.01 (9%)» <0.01 (16%)* <0.01 (37%)* <0.01 (20%)»
T to P
0.27 (4%) 0.14(6%)
0.14(11%) <0.01 (26%)» <0.01 (13%)*
Pinus edulis
HtoT
HtoP
TtoP

0.99 (0%)
0.42 (2%)
0.86 (2%)

0.73 (3%)
0.99 (1%)
0.94 (2%)

0.72 (2%)
0.98 (0%)
0.94 (2%)

Opuntia spp.
0.01 (5%)* 0.90 (3%)
0.90 (8%)
HtoT
0.33 (2%) 0.16(10%) 0.16 (19%)
HtoP
0.28 (3%) 0.20 (13%) 0.20 (25%)
TtoP
H = Holocene, T = Transition, P = Pleistocene

<0.01 (18%)^ <0.01 (12%)*
<0.01 (30%)* <0.01 (28%)»
<0.01 (14%)* <0.01 (18%)*
0.35 (17%) <0.01 (11%)»
0.44 (13%) <0.01 (29%)*
0.95 (5%) <0.01 (21%)*

meaning that Q increased significantly. The estimated Q values are larger, at 100 ppmv,
efTectively reduces the available carbon for fixation. Within the leaves, changes in
stomatal density may provide a mechanism for regulating or maintaining a constant or near
constant C/C, ratio (Ehleringer and Cerling 199S). Morphological analysis of Pinus
edulis needles from many of the same packrat middens reveals increased stomatal density
during the Pleistocene compared to Holocene samples (Van de Water et al. appendix E).
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Figure 4. Discrimination values of Atriplex canescens from packrat middens dated to the
last 40,000 calendar years B.P.
Similar finding are reported for Pinusflexilis needles over the same periods (Van de
Water et al. 1994). Reduced stomatal density and index have also been noted in the C,
angiosperms Salix herbacea (Beerling and Chaloner 1993), Betula pendula and B.
pubescens (Wagner et al. 1999) from macrofossils dated from the late glacial-early
Holocene transition. In addition to greater numbers of stomata on the leaf surface, overall
reductions in needle width have been reported in P. edulis (Van de Water et al., appendix
E) and P. flexilis (Van de Water et al. 1994) and reduced needle size has been noted in
other conifer macrofossils, including junipers from the last ice age (Kate Aasen Rylander,
pers. com.). By reducing the needle width, the length of the travel pathway for CO} to the
site of fixation is reduced as is the amount of carbon needed to build and maintain the leaf
structure. In addition, small, thinner leaves reduce the draw down of atmospheric COj
within the boundary layer surrounding the leaf thus maximizing C. concentrations at the
stomata. Isotope results suggest that the needled conifers were better at maintaining a
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Figure S. Discrimination values of Opuntia spp. from packrat middens dated to the last
40,000 calendar years B.P.
constant Q than the junipers. The obvious difference between the two is leaf morphology.
The smaller leaf scales of juniper and their complex arrangement of each scale overlapping
the other may present a disadvantage during periods of low atmospheric COj. The need
to maintain Q within the leaf tissue also means that the stomata must maximize carbon
uptake at the expense of plant-water loss. The increase in calculated water-use efficiency
from Pleistocene to Holocene is 28% in P. edulis and 20% for J. coahuilensis. Ephedra
spp. samples appear insensitive to lowered atmospheric CO2 values during the transition
period. The only response was that Q tracked changing atmospheric COj levels, resulting
in non-significant differences with either the C/C, ratio or the WUE. It is unclear if the
lack of a response results from a small sample size or if this stem-photosynthesizing plant
responds differently to lowered atmospheric CO2 concentrations.
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Figure 6 Discrimination values of C, Yucca spp. from packrat middens dated to the last
40,000 calendar years B.P.
C4 Angiosperms
Carbon isotope values in A. canescens show little change between the Holocene
and Pleistocene supporting carbon acquisition models (Farquhar 1984), analysis of plants
growing along modem transects (Van de Water et al., Appendbc C), studies of modem
and historic plant material ( Pedicino et al. 1999; Van de Water et al., appendix B; Marino
and McElroy 1991) and the analysis of macrofossils from packrat middens (Marino et al.
1992). However the calculated values of A and Ci significantly increase by 15% and 42%
between the Pleistocene and Holocene (Table 2), respectively. Changes in isotope A track
changes in atmospheric 6'^C (Marino and McElroy 1991) and have been tested as proxies
for past atmospheric 5"C levels (Van de Water et al., appendix B). High levels of
variability make their use problematic unless large sample numbers are available for each
time period and can be averaged (Van de Water et al. appendix B). A. canescens
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Figure 7 Discrimination values of C4 Yucca spp. from packrat middens dated to the last
40,000 calendar years B.P.
maintained a constant C/C, ratio during changes in atmospheric CO2 between the
Pleistocene and the Holocene, therefore Q increased significantly. However, CO2
concentrating mechanisms inherent to C4 physiology should have provided sufficient CO2
during the Pleistocene at the site of fixation (Farquhar 1983). Recent studies have
suggested that low atmospheric CO2 levels during the last ice age and/or greater effective
moisture shifted the competitive balance away fi'om C, plants and toward C4 physiology
(Betancourt et al. 1999). Evidence for this shift occurs in the isotope signature of soil
carbonates (Cole and Monger 1994; Monger et al 1998; Buck 1996) and fossilized tooth
enamel (Connin et al. 1998). However, whereas the C4 halophytes may have been more
competitive during the Pleistocene, the exclusion of large tracts formerly in pluvial lakes
suggests that the overall A. canescens biomass may have been reduced from current
Holocene levels.
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CAM angiosperms
Opuntia sp. spines are commonly incorporated into packrat middens as a means of
protection from predators (Vaughan 1990). This is reflected in their widespread
occurrence in the midden record and therefore the greatest number of samples in this study
(n =131). Spines of living Opuntia spp. do not contain vascular tissue and are dead
except at the very base where they join the tubercle (Noble 1988). Mean isotope values
exhibit lower 6'^C values during the Transition, however the overall shift is less than O.696o
(Table 1, 2). The lack of leakage in the CAM system (O'Leary and Osmond 1980 ; Vogel
1993) allows the calculation of ecophysiological parameters using equation #2 with the
leakage factor and contribution of C, photosynthesis removed. 6"C values are
characterized by a slight but significant shift toward more negative values during the
Transition and Holocene compared to the Pleistocene. Significant differences were found
during all periods in WUE, but the other calculated parameters were not statistically
different. Changes in C/C, and Cj are anti-correlated between the dififerent periods. For
example, values for the Transition and the Holocene change their C/C, ratio by 8% and
the C; by 17% but between the Pleistocene and Transition the C/C, shifts by 25% and Cj
only by S%. Calculation of the C/C. ratio show that the Pleistocene had higher values
than either the transition or the Holocene (Table 1) and probably reflects the ability of
CAM physiology to decouple cart>on fixation from carbon acquisition through the
stomata.
Yucca sp. tissue was analyzed as a representative of &cultative CAM physiology.
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Identified species within the collected samples are presented in Appendix. The samples
were not isolated by species, because of overall low sample numbers, but instead were
broken out by the isotope values that reflect dominant C, or €« photosynthesis. For the C4
samples, ecophysiological parameters were calculated using equation #2 with the leakage
factor and C3 photosynthesis removed. No comparisons were made because of low
sample numbers in the Pleistocene (n = 4). However, the 6"C values during the Holocene
are isotopically more negative than Opuntia spp. and the calculated ecophysiological
parameters are within one to two standard deviations. Similar constraints occur with the
C3 Yucca species where nineteen Holocene middens were analyzed, therefore precluding
comparison. Overall the Holocene 6"C values and ecophysiological parameters are close
to the values exhibited by J. coahuilensis suggesting pure C, photosynthesis physiology.

Conclusions
Macrofossils from packrat middens provide a unique record for the reconstruction
of past vegetation during the late Quaternary. This study uses these well preserved
macrofossils to reconstruct past physiological parameters by analyzing the carbon isotope
content of the leaf material. To ensure that a midden reflects the isotope signature of the
surrounding vegetation, modem middens were collected and compared with plant samples
growing in the vicinity. No statistical difference was found, thus supporting middens use
as an isotope proxy for past vegetation. To acquire carbon for fixation from the
atmosphere during past changes in atmospheric CO2, stomata must stay open longer but at
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the expense of greater plant-water loss. Analysis of Pinus edulis and Juniperus
coahuilensis shows that during the Pleistocene WUE was reduced by 28 and 20%,
respectively. Calculated gas-exchange parameters of the C/C, ratio and the O, level
indicate two different responses. P. edulis was able to maintain a constant C/C, perhaps
enabled through the addition of stomata onto needle surfaces and a reduction in needle
size. Similar results were found in P. flexilis needles during the same period (Van de
Water et al. 1994). In the Juniperus sp. samples the C/C, ratio was not steady but
declined along with the Q concentration. The large decline in WUE suggest that the
plants were experiencing difficulty in obtaining carbon. Calculated Q are as low as 63
ppmv during the full glacial. These two distinct responses occur within species that are
currently associated across much of western North America. Piffon-juniper woodland
currently covers approximately 20 million hectares (West 1999). Analysis of C4 and CAM
plants indicate that the differences inherent to these physiological pathways resulted in
much less impact on their physiology. For example, A. canescens varied little between the
Pleistocene and the Holocene with the only significant di£ferences occurring in the C;
concentration, as could be expected because of low atmospheric levels.
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Appendix
Midden locations, '*C date (Calibrated to <^endar years B.P.) and the material sampled
from each midden.
T^le_^^^acja^^nidden^onnheBi^Bcn^egoi^fww^«aMis^ninhis^tud^j^
Elev. Date
Packrat Midden
Long.
Material Sampled
Lat
(degrees N) (decrees W) (m) (Gal. B.P.)
Baby Vulture Den #10A
Baby Vulture Den #10B
Bal^ Vulture Den #12
Baby Vulture Den #2B
Baby Vulture Den #3
Baby Vulture Den #5A
Bat^ Vulture Den #5B(1)
Baby Vulture Den #SB(2)

29.18
29.18
29.18
29.18
29.18
29.18
29.18
29.18

102.97
102.97
102.97
102.97
102.97
102.97
102.97
102.97

1960
1960
2200
2080
1960
2000
2000
2000

Bennett Ranch #1
Bennett Ranch #4

30.62
30.62

104.99
104.99

3395
3395

Bennett Ranch #5

30.62

104.99

3395

Ernst Tinaja#l
Ernst Tinaja #2C(1)

29.27
29.27

103.02
103.02

2493
2740

Ernst Tinaja #3A(1)
Ernst Tinaja #3A(2 upper)

29.27
29.27

103.02
102.98

2560
2560

Ernst Tinaja #38
MaraviUas Canyon TRV #1
Maravillas Canyon TRV #10
Maravillas Canyon TRV #11
Maravillas Canyon TRV #12
Maravillas Canyon TRV #13
M^villas Canyon TRV #15
Maravillas Canyon TRV #17

29.22
29.56
29.56
29.56
29.56
29.56
29.56
29.56

102.98
102.83
102.83
102.83
102.83
102.83
102.83
102.83

2560
2001
2000
2000
2000
2000
2000
2000

Maravillas Canyon TRV #2
MaraviUas Canyon TRV #3
Maravillas Canyon TRV #7
Maravillas Canyon TRV #8
M^villas Canyon TRV #9
Shaftcr#lA
Shafter#lB

29.56
29.56
29.56
29.56
29.56
29.78
29.78

102.83
102.83
102.83
102.83
102.83
104.37
104.37

2000
2000
2000
2000
2000
4297
4297

Table A-I continued

6378
648
1553
25595
4864
17015
30973
24976
22988
21725
11495
15142
14796
12804
18220
19100
13384
18081
8550
21001
9492
18121
24157
14534
24567
11995
5899
6584
6865
1062
18604
13147
19037
9210
12118
5404
18828
18590
13373

jp

0
0
0
o
o
o
o
o

jc
e jc

o
o

jc

o

jp

y

p

o

p
p

0
o

p
p

o

p
p

jc

jc

p

0
o
0
o
o

y
y

y

p

y
o
o
o
o
o

p
p
y
y

e
jc

p
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17916
jc 0 p
23409
y
13755
p y
11678
0
11000
29.21
102.98
18446
jp 0
2240
29.21
102.98
jp 0
2240
23222
29.21
102.98
jp 0
2240
12419
y
29.21
102.98
17979
2240
jc 0
y
102.98
22778
jc
29.21
2240
22883
y
29.21
102.98
9868
Tunnel View #5A
2240
0
10449
36783
Tunnel View #8A(1)
29.21
102.98
p
2240
S3382
Tunnel View #8A(2)
102.98
37133
jp
29.21
2240
50343
Tunnel View#l
29.21
102.98
27080
jp 0
2240
31470
e = Ephedra spp., jc = Juniperus coahuilensis, jp = J. pinchotti, p = Pinus edulis, o = Opuntia spp., y =
Yucca spp.
Teriingua #1
Tunnel View #10
Tunnel View #11
Tunnel View #12
Tunnel View #12
Tunnel View #ISA
Tunnel View #1SB
Tunnel View #17
Tunnel View #3A
Tunnel View #4

29.30
29.21
29.21
29.21

103.68
102.98
102.98
102.98

2983
2240
2400
2240
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Table A-2. Packrat middens used in this study from the Tularosa and Hueco Basins in
Packrat Midden

Lat.

Long.

Elev.

Date
fCai. BJ».)
2030 a
1571
1572
1573 a
2036
2620
2705 a
2636
1613
2142
1614
4089 a
409
458
2609
2607 a
418
406
437
2606
425
20%
2097
2066
2067 a
2068 a
1862 a

Navar Ranch #12
Navar Ranch #13
Navar Ranch #14
Navar Ranch #14D
Navar Ranch #14E
Navar Ranch #163
Navar Ranch #18B
Navar Ranch #18C
Navar Ranch #198
Navar Ranch #19C
Navar Ranch #1BL
Navar Ranch #lBO

31.73
31.73
31.73
31.73
31.73
31.73
31.73
31.73
31.73
31.73
31.73
31.73

105.98
105.98
105.98
105.98
105.98
105.98
105.98
105.98
105.98
105.98
105.98
105.98

fm)
5100
4800
4800
4800
5297
5707
5707
5707
4198
4904
4166
4950
4297
4297
4297
4297
4297
4297
4297
4297
4297
5182
5182
5100
5100
5543
4395
2935
4395
4395
4395
4395
4395
4395
4395
4395
4395
4395
4400
4400

Navar Ranch #1C(I)
Navar Ranch #1C(2)
Table A-2 continued

3L73
31.73

105.98
105.98

4395
4395

Big Boy Canyon #1C
Bishop's Cap #1
Bishop's Cap #2
Bishop's Cap #3(A)
Dog Canyon #1
Fra Cristobal #1B(1)
Fra Cristobal #1B(2)
Fra Cristobal #1C
Hueco Mountains #1A
Hueco Mountains RW4028
Hueco Mountains #18
Isleta#!
Last Chance Canyon #1
Last Chance Canyon #10
Last Chance Canyon #13
Last Chance Canyon #14B
Last Chance Canyon #2
Last Chance Canyon #6A
Last Chance Canyon #6B
Last Chance Canyon #6C
Last Chance Canyon #9A
Maible Canyon #1A
M^le Canyon #1C
Maible Canyon #3A
Maiblc Canyon #3B
Maible Canyon #4A
Navar Ranch #11

(dcfvees N) (decrees W)
32.88
105.91
32.18
106.6
106.6
32.18
32.18
106.6
32.75
105.9!
107.1
33.29
33.29
107.1
33.29
107.1
31.71
105.99
31.71
105.99
31.71
105.99
34
106
104.65
32.27
32.27
104.65
32.27
104.65
32.27
104.65
104.65
32.27
104.65
32.27
32.27
104.65
104.65
32.27
32.27
104.65
32.9
105.9
32.9
105.9
105.9
32.9
32.9
105.9
32.9
105.9
31.73
105.98

1850
1849
2618
2635
2584
2794
2825
2796
2792
2837
4195
1644
3487
2643
2617

Material Sampled
o
e
e
e
c

e

jc
jc
jc

o
o
o

jc
jc
jc
o
o
jc 0
0
jp
jp

p
y
0
y

y

0
0
0
y
0

y
y

p

y

0
jp
jp

e
e
0

y

0
o
0
ja
ja

c

o
o

p
jc
e

jc
jc
jc

a
a

o
o
o
0
0
0
0
0
0

e
jc

0
o

y

p
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Navar Ranch #1C(3)
Navar Ranch #20
Navar Ranch #3 A
Navar Ranch #3B
Navar Ranch #4B
Navar Ranch #4C
Picture Cave #1A
Picture Cave #1B
Picture Cave #1D
Quitman Mountains #2
Rhodes Canyon #1B
Rhodes Canyon #1C
Rhodes Canyon #2A
Rhodes Canyon #2D
Rhodes Canyon #3A

31.73
31.73
31.73
31.73
31.73
31.73
31.89
31.89
31.89
31.13
33.18
33.18
33.18
33.18
33.18

103.98
103.98
103.98
103.98
103.98
103.98
106.13
106.13
106.13
103.39
106.63
106.63
106.63
106.63
106.63

4395
4395
4494
4494
4494
4494
4690
4690
4690
4690
5600
5600
5600
5600
5600

Rhodes Canyon #4
Rhodes Canyon #SB
Rhodes Canyon #6A
Rhodes Canyon #6B
Rocky Arroyo #1
Rocl^ Arroyo #2
Roclty Arroyo #3
San Andres Canyon #1
San Andres Canyon #2
San Andres Canyon #3
Shelter Cave #2A
Shelter Cave #2B
Shelter Cave #2E
Shelter Cave Tortoise #5
Streeruwitz Hills #1:2B
Streeruwitz Hills #l:3up
Streeruwitz Hills #1:4
Tank Trap Wash #1:1
Tank Trap Wash #1:2A
Tank Trap Wash #1:2B
Tank Trap Wash #1:3
Tank Trap Wash #1:4
Tank Trap Wash #1:5

33.18
33.18
33.18
33.18
32.48
32.48
32.48
32.79
32.79
32.79
32.18
32.18
32.18
32.18
31.12
31.12
31.12
31.89
31.89
31.89
31.89
31.89
31.89

106.65
106.65
106.65
106.65
104.45
104.45
104.45
103.9083
103.9083
103.9083
106.6
106.6
106.6
106.6
103.15
105.15
105.15
106.15
106.15
106.15
106.15
106.15
106.15

5550
5550
5550
5550
3706
3706
3805
5100
5198
5198
4592
4392
4592
4838
4690
4690
4690
4395
4395
4395
4395
4395
4395

2638
2819
1652
1645
2745
1649
1706
1726
1699
1843
3134

a

e

jc

e
e

jc

a

0
o
o
o
0
0
0
o
0
0

jc

a

p
p

p
p

a
3136
3137
3194
3352
3180
3211
3197
3204
1648
1657
449
2027
2028
2029
1753
1759
1766
2140
1846
1844
1623
1723
1721
1707
1709
1708
1710
3486
1722
3157
3210
3158
3179

a
a

jc
jc
jc

o
o
o

a

jc
jc

o
o
o
o
o
o

jc
jc

0
e
jc
jc
jc
jc
jc
jc
jc
jc
jc

a
a
a

e
e
e

jc
jc
jc
jc

o
0
o
0

0
o
o
o
o
o
o
o
o
o

p
p
p
p
p
p
p

jc o p
Tank Trap Wash #2
31.89
106.15
4395
a
Tip Top #1
o
4980
33.18
106.5833
Tip Top #2A
jc o
4980
33.18
106.5833
a
Tip Top #2B
jc o
4980
33.18
106.5833
Tip Top #3
33.18
106.5833
4980
e
0 y
e = Ephedra spp., jc = Juniperus coahuilensis, jp = J. pinchotti, p = Pinus edulis, o = Opuntia spp., y =
Yucca spp.
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Table

A-3. Packrat middens used in this study from the central Rio Grande Valley

Packrat Midden
Material Sampled
AT#1
AT #2
AT #4
AT #5
AT#7A
AT#7A
AT#7B
AT #8
SLP#1
SLP #10A
SLP #10B
SLP #11
SLP #12
SLP#13A
SLP #13B
SLP #14
SLP #15
SLP #16
SLP #17
SLP #2
SLP #21
SLP #24
SLP #25
SLP #27
SLP #28
SLP #29A
SLP #29B
SLP #29C
SLP #29D
SLP #3
SLP #30
SLP #31
SLP #33
SLP #34
SLP #35
SLP #37
SLP #38
SLP #39
SLP #40
SLP #41A
SLP #418

Table A-3 continued

Latitude
Cdeerees N)
34.0933
34.9033
34.0933
34.0933
34.0894
34.0894
34.0894
34.0894
34.2589
34.2975
34.2975
34.2978
34.2978
34.2661
34.2661
34.2589
34.2506
34.2506
34.2511
34.2589
34.2908
34.2922
34.2925
34.2583
34.2597
34.2597
34.2597
34.2597
34.2597
34.2589
34.2597
34.2597
34.2597
34.2597
34.2583
34.2028
34.2022
34.2019
34.2014
34.2008
34.2008

Longitude Elevation
fdecreesW)
106.67
5560
106.67
5560
106.67
5560
106.67
5560
106.75
5440
106.75
5440
106.75
5440
106.75
5440
106.68
5545
106.71
6512
106.71
6512
106.71
6480
106.71
6480
106.64
5856
106.64
5855
106.67
5855
106.68
5610
106.68
5610
106.67
5610
106.68
5545
106.63
6181
106.38
6234
106.63
6234
106.65
5200
106.66
5860
106.66
5860
106.66
5860
106.66
5860
106.66
5860
106.68
5545
106.66
5860
106.66
5860
106.66
5860
106.66
5860
106.65
5200
106.77
5430
106.77
5440
106.77
5430
106.77
5430
106.77
5480
106.77
5480

fm)
44498
14331
2871
12723
13438
13438
13127
13668
13482
1285
2334
2468
5394
1406
5394
5393
0
2399
1414
0
916
3881
925
381
374
3514
6290
1711
510
10216
1166
3919
301
4113
480
1327
6102
787
602
524
551

Date
(Cal. B.P.)
p
p
a

0
0

p
p
p
p

0
a
a
a

jc
jc

0

P
p

y
P

jc
o

p

y

Jc
jc
a
a

jc

o

jc

o

jc
a

p
jc
a

jc
jc
jc

p
p

y

a

jc
ejc
a
jc
jc

p

a
p

jc
a
jc
a

jc
jc

a ejc
a e
a
a
a

p

y
jc
jc
jc
jc
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SLP#44B
SLP #44C
SLP#46
SLP #47
SLP #48
SLP#50C
SLP #6
SLP #7
SLP #8
SLP#9A
e = Ephedr
Yucca spp.

34.2SS6
34.2SS6
34.255
34.2701
34.2706
34.2053
34.2589
34.2589
34.2567
34.2594

106.66
106.66
106.66
106.65
106.65
106.75
106.68
106.68
106.65
106.64

5735
5735
5735
5758
5758
5381
5545
5545
5840
5807

1299
728
652
1825
650
2464
293
0
10225
1518

jc

p

jc
p
jc
jc

0

jc
jc

a
a

p

a

jc

y
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Table A-4. Packrat middens used in this study from the southeastern Colorado Plateau
regon_ofnorthwest^Jcv^^cic^nd^uthMStcri^l22iJi^^^_^^,^,^^_^^__^

Packrat Midden

Lat

Long.

(degrees N) (degrees W)
Allen Canyon #4
Atlatl Cave #10
Atlatl Cave #15
AUaU Cave #15
Atlatl Cave #4A
Atlatl Cave #4B
AUaU Cave #4C
AUaU Cave #5B
Atlatl Cave #6A
Atlatl Cave #7
Casa Chiquita #1A
Casa Chiquita #1B
Casa Chiquita #2
Casa Chiquita #3
Casa Chiquita #4
Casa Chiquita #5
Casa Chiquita #6
Casa Chiquita #7
Chacra Mesa #10
Chacra Mesa #13
Chacra Mesa #14
Chacra Mesa #15
Chacra Mesa #9
Cly's Canyon #1
Cottonwood Canyon #6
Falling Arch #10
Falling Arch #5
Fishmouth Cave #2
Fishmouth Cave #3
Fishmouth Cave #4
Fishmouth Cave #5
Fishmouth Cave #6
Gallo Wash #1
Gallo Wash #2-2
Gallo Wash #3
Gallo Wash #4
Gallo Wash #5
Gallo Wash #6
Gallo Wash #7
Gallo Wash #8
Gallo Wash #9

Table A-4 continued

37.7919
36.0833
36.0833
36.0833
36.0833
36.0833
36.0833
36.0833
36.0833
36.0833
36.0667
36.0667
36.0667
36.0667
36.0667
36.0708
36.0667
36.0667
35.9833
35.9833
35.9833
35.9833
35.9833
36.0667
37.3208
37.4056
37.4056
37.4292
37.4292
37.4292
37.4292
37.4292
36.0375
36.0333
36.0375
36.0333
36.0333
36.0375
36.0333
36.0375
36.0375

109.5917
107.975
107.975
107.975
107.975
107.975
107.975
107.975
107.975
107.975
107.97
107.97
107.97
107.97
107.97
107.99
107.97
107.97
107.73
107.73
107.73
107.73
107.73
107.95
109.58
109.63
109.63
109.65
109.65
109.65
109.65
109.65
107.89
107.88
107.89
107.88
107.90
107.89
107.88
107.87
107.87

Elev.
(m)
7220
6266
6266
6266
6265
6265
6265
6265
6266
6266
6119
6119
6119
6119
6102
6102
6594
6594
6330
6330
6330
6330
6330
6266
4550
4800
4800
5200
5200
5200
5200
5200
6219
6260
6258
6258
6300
6219
6380
6299
6299

Date

Material Sampled

(Cal. B.P.)

3277
3116
3116
2115
2139
3177
2601
3117
3119
2138
2129
2124
2125
2126
2127
3008
3108
3497
3178
3107
31%
3176
3109
4316
4310
4314

o
p

jm
jm

p

0
p

jm

y
jm
a
a
a
a
a
a
a
a
a

p
p

jm
jm
jm
jm
jm

y
p
p

jm
p

y
jm

0

jm
jm
jm
jm
jm

0

0
0

p
p
p
p

y
y
y
y

a
a
a
o
o
o
o

1839
1833
1837
1834
1840
1838
2109
3110
3111

a

p
p

jm

a
a
a
a
a

jm
jm
jm
jm

0

p
p
p

y

280
2959
107.87
o p y
36.0375
6332
Indian Ruins #1C
11195
37.4
110.841
a
Long Canyon #4
p
107.92
2110
36.03
6330
a jm
Mockingbird Canyon #1
p
107.92
6365
3113
jm
36.03
Mockingbird Cai^n #10
y
107.92
3114
36.03
6381
a
Mockingbird Cai^n #11
107.92
2111
jm
36.05
6330
Mockingbird Caiq^on #2
p y
6347
2112
36.05
107.92
a jm
Mockingbird Canyon #3
y
p
6347
2113
jm
36.05
107.92
a
0
Mockingbird Canyon #4
y
6347
p
36.05
107.92
2114
Mockingbird Canyon #5
a jm
3206
p
36.05
107.92
6381
Mockingbird Canyon #6
0
6365
p y
36.05
107.92
3112
jm
Mockingbird Canyon #9
107.975
6500
2940
jm
Sheep Camp Canyon #2A
36.08
2939
jm
36.08
107.975
6500
0
Sheep Camp Canyon #2B
5000
4585
109.74
The Loop ^
37.22
a
o p
107.94
6232
2128
jm
Werito's Rincon #2
36.05
p
6595
3205
107.95
Werito's Rincon #6
36.03
p
107.95
6595
3205
Werito's Rincon #6
36.03
3201
o p
107.95
6595
jm
Werito's Rincon #7
36.03
6595
3195
107.95
0
Werito's Rincon #8
36.03
a jm
p y
3107
107.95
6644
Werito's Rincon #9
36.03
a
109.67
5900
4315
Whiskers Draw #2
37.64
p
e = Ephedra spp., jc = Juniperus coahuUensis, jp * J. pinchottii, p * Pinus edulis, o — Opuntia spp., y =
Yucca spp.
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Abstract
Modem samples were collected and analyzed along elevational gradients to
determine systematic changes in stomatal density and index. In Pinus eduUs the stomatal
density increased at lower elevations, whereas in Yucca glauca both stomatal density and
index show the same change. Packrat midden macrofossils of Pinus edulis, P. remota.
Ephedra spp., and Yucca spp. were analyzed and chronologies of stomatal density and
index developed since the last glacial period. Plants adapted to changing atmospheric
CO2 levels since the full-glacial period by adjusting their physiology through changes in
leaf morphology with the addition and removal of stomata. The addition of stomata
during the Pleistocene accompanied a 28% reduction in WUE and a nearly constant C/C,
ratio, as reconstructed firom the

content of the leaf tissue. The maintenance of a

constant C/C, ratio suggests that reduced WUE results from greater HjO conductance
with the greater number of open stomata. During the last glacial stomatal densities
increased by 28% in the pifion pines sampled in this study. Reductions in the C/C, ratio
and a near-constant WUE were exhibited in Ephedra, whose stomatal density and index
showed no significant adjustments between the transition and the Holocene. The C3
Yucca samples were confined to the Holocene and did not show significant changes in
stomatal density or index. The C4 Yucca samples also showed near constant stomatal
frequency values fi'om the fuU-glacial to present. Carbon isotope values for the same
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samples indicate a 28% reduction in WUE while maintaining a near constant C/C, ratio.
The lack of a response is consistent with CAM physiology which that be less affected by
changing atmospheric CO2 concentrations. Physiological and morphological adaptations
to past atmospheric C02 appear to respond at the species level and with the carbon
acquisition pathway. The use of changing stomatal densities as an accurate proxy for past
atmospheric COj is not supported.
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Introduction
Atmospheric COj levels have risen from 280 to 360 ppmv over the last 200 years,
resulting from the burning of fossil fuels and changes in land-use patterns. These changes
have been linked to increased photosynthetic rates and water-use efficiency (WUE), along
with increased biomass and yield in natural plant communities and agricultural fields
(Kimball 1983, Cure and Acock 1986, Strain 1987, Mooney et al. 1991). Shifts in
atmospheric COj have been accompanied by changes in plant morphology especially in the
frequency of stomata on leaf surfaces. With increasing atmospheric COj, the intercellular
CO2 concentration (Cj) can be maintained with fewer stomata, resulting in an overall
reduction in stomatal conductance of plant-water and therefore an increase in the overall
water-use efficiency (WUE) of the plant. This relationship between atmospheric COj
concentration and the number of stomata on a leaf surface has been established
experimentally (Madsen 1973, Woodward 1986, Woodward and Bazzaz 1988) and in
samples of natural vegetation recorded on herbarium sheets collected over the last 200
years (Woodward 1987). Additional studies using herbarium and archaeological material
have supported these findings in a number of diffisrent species (Beerling and Chaloner
1993a; McElwain etal. 199S; Paoletti and Gellini 1993; Peffuelas and Matamala 1990). In
addition, analysis of the fossil record has also established a decrease in stomatal frequency
as atmospheric CO2 rose from flill-glacial values of ~180 ppmv to Holocene
concentrations of280 ppmv (Beerling and Chaloner 1993b, 1994; Van de Water et al.
1994; Wagner et al 1999). In older material the close relationship between stomatal
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frequency and atmospheric CO2 levels has been used to reconstruct past COj
concentrations over the Neogene (Kurschner 1996; KQrschner et al. 1996; Van der Burgh
e/ al.1993) and between time periods during the Paleozoic (McElwain and Chaloner
1995).

Nowhere is the relationship between stomatal frequency and gas-«cchange more
critical than in arid environments, such as the southwestern United States. With higher
temperatures and lower humidity, the balance between CO2 and HjO conductance through
the stomata is vital to carbon acquisition. Plants growing along environmental gradients
have been shown to decrease WUE at lower elevations (Van de Water et al.-. Appendix
D). WUE is defined as the ratio of carbon assimilated compared to the conductance of
water from the open stomata. During the full glacial, growing season temperatures were
lower and precipitation was greater than today throughout the southwestern U.S.
(Thompson et al. 1993), but the greatest effect upon past plant ecophysiology may have
been the reduction in atmospheric COj concentrations (Van de Water et al., appendix D).
Under lower atmospheric COj conditions, plant-water was sacrificed to ensure adequate
CO2 at the site of fixation. Full-glacial WUE was reduced by more than 20% in Pinus
edulis and Juniperus spp. (Van de Water et al. appendix D) whereas Pinus flexilis was
15% lower than Holocene values (Van de Water et al. 1994). During deglaciation, as
CO2 concentrations climbed and climates wanned, the restriction on water conductance
regained priority and WUE began to rise. We have reconstructed these ecophysiological
parameters (Van de Water et al., appendix D; Van de Water et al. 1994) using a unique
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paleoenvironmental record derived from the collection and preservation of plants by
packrats (Neotoma sp.). Abundant packrat middens throughout the western U.S. provide
one of the most complete records of macrofossils in the world (Betancourt et al. 1990).
Excellent preservation provides intact cuticles for examination and analysis of stomatal
frequency. Species-specific identifications of the fossil material allows systematic changes
in modem communities to be assessed using the same species over long periods of time.
Assessment of systematic changes in the stomatal frequency of plants caused by
environmental factors provides calibration factors to apply to the midden record. Steep
environmental gradients throughout the southwestern U.S. were used to test the effect of
changing temperature and precipitation on stomatal density and index. Systematic
changes in the modem transect values were then applied to the packrat middens to correct
for the variable elevations of midden collection. In this study we analyze macrofossils of
different species to determine the effect of these changes on their stomatal frequency. The
species include the C, gymnosperms Pinus eduUs and Ephedra spp., along with Yucca
spp. that exhibits both C3 and CAM physiology. Similar species were isolated from
packrat middens that are dated from the last glacial to present. Thick cuticles limited
measurements on the Pinus edulis samples to only stomatal density, whereas both
stomatal density and index measurements were made on the Ephedra spp. and Yucca sp.

Background
Stomatal distribution over the leaf surface is variable, but the pattem is more
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orderly than would be expected from a random distribution (Kagan and Sachs 1991).
Stomatal density (SD) is the number of stomata within a defined area and is calculated as
SlomauU Density = SD =

(1)
area^

Stomatal density is the most common measure reported, but, Salisbury (1927) recognized
that changes in the overall size of a leaf can control the density of stomata and that the
ratio of stomata to epidermal cells is more stable. He proposed the use of the stomatal
index (SI) defined as
malal index = SI =

qfMomalaper mil area
.,5,
(number ofstomata number of epidermal cells)

The stomatal index allows the fi'equency to be standardized for comparison.
Stomatal density and index are two measures that have been used to report
changes in the fi'equency of stomata on leaf surfaces (Beerling and Chaloner 1992). The
stomatal fi'equency has been studied extensively (see review; Ticha 1982) and found to
vary along a basal to apical gradient in shrubs and herbs (Ticha 1982), dicot trees
(Marshall and Kozlowski 1977), and yearly cohorts of conifer needles (Watts et al. 1976).
Plant water is the greatest environmental factor influencing both stomatal density and
index through its effect on the size of the palisade and spongy mesophyll cells plus xylem
elements. Additional environmental factors have been found to alter the absolute number
of stomata, but adjustments in leaf size results in the character being conserved. These
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include irradiance (Schoch 1972), temperature (Frank et al. 1973), salinity (Gausman and
Cardenas 1968), ploidy level (Dunstone et al. 1973), winter hardiness (Knecht and Orton
1970), and ecotype dififerences (Pazourek 1970).
Systematic changes in stomatal frequency have been correlated with shifts in
atmospheric COj • However, controlled experimental studies to determine the mechanisms
behind these responses have shown mixed results for different species. For example with
increased COj concentrations changes in both stomatal density (Madsen 1973) and index
(Woodward 1987) have been noted on the adaxial but not abaxial leaf surface (Woodward
1986), or on the abaxial and not adaxial surfaces (O'Leary and Knecht 1981). In contrast,
other species have shown increased stomatal densities with heightened COj concentrations
(Knapp et al. 1994; Apel 1989) and the response has been shown to stabilize at high levels
of CO2 enrichment in some species (Rowland-Bamford et al. 1990). Finally, some studies
have shown no response in the stomatal frequency at elevated COj levels (Thomas and
Harvey 1983; Radoglou and Jarvis 1990). It has been suggested that a ceiling of response
is achieved at high atmospheric CO2 levels. However, even at low atmospheric CO2
concentrations (200 ppmv) studies have failed to find a consistent response (Malone et al.
1993). Throughout these studies the plant response appears to by species specific and
quite variable, yet systematic changes in stomatal frequency have been recorded in natural
populations.
Increased stomatal density with altitude was first noted by Wagner (1892) and
Bonnier (189S), and more recently by KOmer and Mayr (1981), Kdmer et al. (1986) and
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Komer and Cochran (1985). Increased stomatal density at upper elevations appears
counterintuitive because it has been shown that greater numbers of stomata on a leaf
surface increase the susceptibility to frost damage (Roselli et al.1989; Wayne et al. 1998).
To fully explore the relationship between CO] and stomatal density along elevational
gradients. Woodward and Bazzaz (1988) grew plants under conditions that kept the COj
concentration constant but varied the partial pressure. The experimental design mimics
conditions experienced with changing altitude. A number of the species exhibited reduced
stomatal densities at higher pCOj levels, suggesting a response to factors other than CO2
concentrations (Woodward 1986, Woodward and Bazzaz 1988). However, the reduction
in pCOj, at a constant mole fraction, should be compensated for by an increased rate of
CO2 diffusion (Gale 1972). Because plants have no mechanism to detect atmospheric COj
concentrations directly and seemingly are responding to the internal CO2 concentration
(Mott 1990), changes in stomatal density and index ascribed to elevation should be
conservative (Gale 1972). However, the mechanisms controlling these phenotypic
responses to changing carbon dioxide concentrations remain unknown but variability
within populations suggests some genetic control (Woodward and Bazzaz 1988),
especially over longer periods of time (Beerling and Chaloner 1993b).
Herbarium material has been used to assess changes in natural plant populations
during the rise of atmospheric COj since industrialization. For example, stomatal density
reductions of 43% and 28% were found in Fagus sylvatica and Quercus ilex collected
over the last 200 years (Paoletti and Gellini 1993), a similar reduction in stomatal density
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and index as recorded for Salix cinerea leaves collected between 18S6 and 1992
(McElwain et al. 199S), and fourteen Mediterranean species showed a 21 % decrease
stomatal density, but invariant stomatal index over the last 240 years (Pefiuelas and
Matamala 1990). The analysis of Salsola kali, a €« herb also showed little change in
stomatal index between 1843 and 1987 (Raven and Ramsden 1989). This is consistent
with C4 and CAM carbon pathways, where CO2 is concentrated within the leaves
dampening the need to adjust stomatal densities under changing atmospheric conditions.
Additional studies have replicated historic plant collections to test for stomatal frequency
changes since the original collection. Kdmer (1988) analyzed plant specimens from an
area originally sampled by Lohr (1919) and Wagner (1892) and found little evidence to
support changed stomatal frequencies with rising atmospheric COj. However the study
mixed montane and lowland floras, only loosely related to each other, growing under
different pCOz environments (Woodward 1993). Beerling and Kelly (1997) sampled the
same woodland tree, shrub, and herb species initially analyzed by Salisbury (1927) and
found a statistically-significant reduction in stomatal density over the last 70 years.
Similar results have been found by comparing Olea europaea leaves from the tomb of
Tutankhamun dated to 1327 B.C. and from Jebel, Egypt dated to pre-332 B.C. (Beerling
and Chaloner 1993a).
During the last deglaciation atmospheric COj increased from approximately 200 to
280 ppmv (Indermuhle et al. 1999). Fossil leaves from bogs (Beerling and Chaloner
1993b, 1994; Wagner et al. 1999) and macrofossils from packrat middens (Van de Water
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et al.1994) have been used to reconstruct past morphological responses to these changes.
Analysis of SaUx herbaceae leaves records a significant decrease in stomatal density but
stomatal index remained stable as atmospheric gas concentrations rose (Beerling and
Chaloner 1993b, 1994). Pinus flexilis needles showed a 17% decrease in stomatal
density during deglaciation and were used in conjunction with the

value of the leaf

tissue to reveal a 15% increase in water-use efficiency as atmospheric CO2 rose (Van de
Water e/a/. 1994).
The close correlation between atmospheric COj and stomatal frequency has led
some researchers to propose the use of fossil material to reconstruct past CO2 levels. For
example, Wagner et al. (1999) analyzed Betula pendula and B. pubescens leaves from
bog deposits in the Netherlands and calculated the stomatal index (S.I.) for sixteen
horizons dated to the late Quaternary (10,070 ± 90 through 9380 ± 80 radiocarbon years
B P.). The stomatal index of the fossils were calibrated against historic changes in
atmospheric COj using field collections and herbarium specimens. The results indicate
atmospheric CO2 levels in excess of320 ppmv during this period and show variations
similar to the GISP2 ice-core reconstructions. However the proxy values are 30 to 40
ppmv greater than the ice-core estimates of atmospheric CO2 (Indermuhle et al. 1999).
Similar reconstructions have been nuule for older time periods. Kurschner et al. (1996)
and van der Burgh et al. (1993) used the stomatal density and index of Quercus petraea to
reconstruct atmospheric CO2 levels between 270 and 370 ppmv for the late Neogene.
McElwain and Chaloner (199S) used stomatal frequency as evidence for atmospheric CO2
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levels in the lower Devonian 10 to 12 times current levels and falling to near modem
conditions during the Carboniferous and eaily Permian. The variability in modem and
herbarium studies and the low sample numbers available suggest that these results should
be viewed with caution.

Modern Samples
Elevational transects were established in southeastern Utah and south-central New
Mexico to assess the effect of elevation and slope aspect on the stomatal density and index
of select species. The Utah gradient spans 1S2S m from the lowest sites at 1220 m in Blue
Notch Canyon, near the Colorado River, (37*44'52"N, 110*23'24"W; San Juan County,
UT) to Bear's Ears at 2745 m (37'37'3r N, 109'52'29"W; San Juan County, UT). The
New Mexico gradient spans 1675 m, from desert scrub at 1220 m near Alamogordo (33°
Q'N, 105° I'W; Otero County, NM) to mixed-conifer forest at 2895 m in the Sacramento
Mountains near Cloudcroft (32'48'56"N, 105*4T28"W; Otero County, NM). Plants were
collected at 150 m intervals along elevational transects to determine systematic changes
with elevation and slope aspect (Van de Water et cd.\ Appendix D). Each sample consists
of equal number of plant parts taken from the four cardinal directions to ensure equal
representation of intra-plant variability following strategies developed in "C isotope
research (Leavitt and Long 1983). In addition, samples were collected from the tips of
branches to ensure full irradiance. Plant samples may consist of tissue (leaves, needles,
spines) that was formed during different growth years. For example, P. eduUs can contain
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more than 8 yearly cohorts of needles. Field sampling occurred in Utah during the early
summer of 1995 when the P. eduUs needles were not fully extended. Throughout this
study the P. edulis samples were isolated from the 1994 cohort on each branch. The
Ephedra samples consist of stem segments representing an unknown number of growth
cycles, randomly selected from each branch. Yucca leaves grow in whorls with the
youngest leaves toward the center, but samples were taken from the outer edge of the
plant, so the absolute age of each leaf is uncertain.

Packrat Midden Samples
Macrofossils for this study were randomly chosen from previously analyzed loose
packrat midden material. The middens were sampled during paleoecological studies of the
southeastern Colorado Plateau (S.E. Utah and N.W. New Mexico), middle Rio Grande
basin (Sevilleta LTER), Tularosa Basin-Hueco Basin (south-central New Mexico and west
Texas) and the Big Bend region (west Texas) (Table 1). The isolated macrofossils
include Pinus sp. needles. Ephedra sp. twigs and leaf tips from Yucca sp.. Macrofossil
abundance dictated the number of individuals in each sample with 30 fossils being the
maximum collected. Each sample contains a suite of fossil fragments of unknown
provenance. The macrofossils could represent a single plant at a given time or multiple
plants sampled over the occupancy of each midden. In addition, multiple midden
occupations have been recognized in very large midden deposits (Spaulding et al. 1990).
However, most midden researchers collect only small portions of a deposit to avoid mixed
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Table 1. Location, elevation and values for middens used in this study (Lat. = North
Latitude, Long. = West Longitude, Elev. = Elevation (m), S.D. = Stomatal Density, Width
Firms edulis
Long.
Lat
36.03 107.95
36.05 107.94
36.03 107.95
36.07 107.99
36.05 107.98
36.05 107.92
36.05 107.92
36.05 107.92
36.05 107.92
36.05 107.92
36.05 107.92
36.05 107.92
36.05 107.93
36.04 107.89
36.03 107.90
36.04 107.88
36.04 107.89
36.03 107.88
36.08 107.98
36.08 107.98
36.08 107.98
36.08 107.98
36.08 107.98
35.98 107.73
35.98 107.73
35.98 107.73
35.98 107.73
35.98 107.73
35.98 107.73
37.79 109.59
37.64 109.67
34.09 106.67
34.09 106.75
34.09 106.75
34.09 106.75
34.27 106.64
34.26 106.66
34.29 106.64
Lat Long.
34.26 106.65
34.26 106.66
34.09 106.67

Elev.
2025
1900
2010
1860
1865
1945
1935
1940
1940
1935
1935
1930
1930
1908
1921
1945
1896
1908
1910
1910
1910
1910
1975
1930
1930
1930
1930
1930
1930
2200
1800
1695
1660
1660
1660
1785
1786
1884
Elev.
1585
1786
1695

Date
8689
1701
1720
1518
1891
1878
1164
2727
2350
1809
3469
1931
5527
1874
961
2138
2876
5151
2860
6309
1891
2321
7492
3950
121
2237
524
550
0
1720
4033
12723
13438
13127
13668
1406
1166
916
Date
381
510
44498

S.D.
48.49
48.37
54.05
52.35
49.86
50.53
45.36
42.93
51.81
52.21
45.01
47.86
44.98
46.24
49.44
49.14
54.11
48.56
45.52
46.39
49.48
45.51
48.51
51.40
45.34
50.37
47.61
48.41
47.39
48.87
44.30
52.42
58.54
59.10
51.52
54.84
51.25
47.59
S.D.
44.35
51.83
48.94

Width
857.32
938.47
959.56
885.27
1000.06
979.62
1040.36
948.22
1000.17
877.45
841.19
619.84
825.81
986.30
888.08
968.74
987.62
1088.24
903.73
940.11
1006.22
853.50
877.60
977.22
940.50
940.88
942.29
341.59
885.86
920.83
897.18
902.28
660.80
876.21
867.01
873.88
863.69
887.14
Width
965.67
866.15
947.42

34.26
34.26
34.30
34.26
34.26
34.26
34.29
31.89
31.12
34.30
31.12
29.78
29.22
29.22

106.66
106.65
106.71
106.66
106.65
106.65
106.63
106.15
105.15
106.72
105.15
104.37
102.98
102.98

652
10225
1285
1299
301
480
925
34094
17%8
2468
34094
18590
21001
18121

47.11
52.76
52.28
53.63
58.24
51.60
50.31
56.88
56.45
54.39
76.27
52.61
67.18
58.66

815.32
919.17
764.57
884.11
873.83
963.21
779.54
761.60
846.34
982.94
710.54
901.48
588.74
792.21

1340 18539
610 19037
610 24567

54.83
64.94
59.27

873.42
681.50
699.77

S.D.

S.L

60.22
60.43
47.58
45.97
62.98
42.06
36.03
46.89
43.34
63.44
42.06
90.47
74.63

26.18
27.73
24.68
26.24
25.67
21.21
20.90
25.97
24.72
27.22
24.24
41.19
29.28

Date

S.D.

S.L

1327
6102
6290
6878

54.94
92.40
95.16
87.12

28.58
40.22
36.09
32.85

1748
1780
1985
1748
1585
1585
1900
1340
1430
1975
1430
1310
810
810

Pinus remota
31.90 106.15
29.56 102.83
29.56 102.82

Long.
Elev.
Ephedra aspera-t^
32.75 105.91 1615
37.41 109.63 1464
37.41 109.63 1464
31.90 106.15 1340
31.90 106.15 1370
31.90 106.15 1340
32.90 105.90 1690
31.90 106.15 1340
32.18 106.60 1463
31.90 106.15 1370
31.90 106.15 1370
31.13 105.39 1430
31.90 106.15 1340
Lat

Long. Elev.
Ephedra torreyano'^ypt
34.20 106.77 1655
34.20 106.77 1647
34.26 106.66 1786
37.32 109.58 1387
Lat

Date
350
2407
4114
9410
10645
10971
11962
12508
12580
13268
13320
13992
34000
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Yucca spp. Q-type
35.98 107.73 1930
36.05 107.92 1935
36.04 107.87 1920
36.07 107.95 1910
36.07 107.98 2010
36.05 107.92 1945
36.04 107.95 1980
36.05 107.92 1935
36.08 107.98 1910
36.07 107.97 1865
36.05 107.92 1940
35.98 107.73 1930
37.43 109.65 1585
37.40 110.84 1390
36.03 107.95 2025

0
0
122
290
514
519
529
1164
1809
2348
2727
3469
5527
5968
8689

187.57
308.93
241.63
225.91
208.71
180.67
192.39
275.14
199.98
211.93
166.05
206.87
173.64
%.34
230.32

27.11
39.17
32.26
34.87
29.48
26.23
29.70
34.66
31.03
32.09
25.82
32.96
27.16
22.59
40.46

Long. Elev.
Lat
Yucca spp. Cr<ype
32.27 104.65 1310
32.48 104.45 1160
32.27 104.65 1310
32.27 104.65 1310
33.18 106.58 1518
29.18 102.97 600
31.71 105.98 1270
678
29.20 102.98
32.90 105.90 1690
610
29.56 102.83
31.90 106.15 1340
32.79 105.91 1585
730
29.20 102.98
810
29.22 102.98
760
29.27 103.02
835
29.22 102.98
670
29.21 102.98

Date
34
287
1409
2138
2321
4864
10359
10449
11962
12118
12508
12518
13755
18121
18220
19100
23409

S.D.

SI.

63.79
47.24
35.03
62.52
138.47
43.21
103.36
179.78
53.59
113.09
133.05
81.65
99.30
109.87
41.83
145.64
85.16

11.32
18.49
11.65
17.56
12.46
16.97
14.76
21.87
19.85
21.60
13.01
11.59
17.23
24.56
10.22
18.65
18.59

assemblages. Midden samples were placed into a temporal fhunework using radiocarbon
C^C) dates provided by the original researchers (Table 1). Multiple dates from the same
midden have been used to test the accuracy of the initial age determination or establish
contemporaneity of different taxa (Van Devender et al. 198S). In this work, where
multiple dates are available and overlap at three standard deviations, the dates were
averaged. It is assumed throughout that the period of deposition represented by the
midden is less than the standard deviation of the associated radiocarbon date. If the
radiocarbon dates are disparate, we chose bulk dates over '*C analysis of single plant
fragments. We recognize that mixing of plant fragments happens occasionally in middens
and that the age of a particular midden may differ from the age of individual and pooled
macrofossil samples (Van Devender et al. 1985). To compare the midden and ice core
records, all

dates were converted to calendar yrs B.P. "C dates less than 18,000
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yrs B.P. were converted using the "Calibrate" computer program (Stuiver and Reimer
1993). Older dates were converted employing U-Th calibrations from Barbados corals
(Barde/a/. 1993).

Methods
Calculation of stomatal frequencies used two approaches: 1) the processing of leaf
tissue to isolate the cuticle for stomatal and epidermal cell determination {Ephedra spp.
and Yucca spp.), and 2) the analysis of intact macrofossil surfaces to determine the
stomatal density (Pinus spp.). In Ephedra stomatal rows run parallel to the long axis of
each twig, whereas in Yucca stomata are randomly distributed across the leaf surface.
Stomatal index was measured on isolated modem and midden cuticle material. The
modem Ephedra samples consist of ten randomly selected stem segments from each plant,
with 5 plants pooled at each site. The Yucca samples consist of approximately 5 cm of
tissue taken from S cm below the leaf tip.
The cuticle material was isolated by removing underlying mesophyll tissue.
Processing began by soaking each sample in water for 24 to 48 hours, then transferring it
to a weak chlorine bleach solution. Samples were left in the chlorine bleach solution until
the mesophyll oxidized and cuticles became separated. The cuticles were isolated and
residual mesophyll tissue loosened and brushed away using a fine paintbrush. The samples
were washed in distilled water until neutral and dried in 95% ETOH containing Safranin
stain. The material was mounted on microscope slides in glycerin jelly for analysis. The
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Ephedra sp. and Yucca sp. samples were examined microscopically at 400x on a Nikon*
reflected light microscope outfitted with an image analysis system. Scan-array*, that
outputs the image to a video monitor and printer. Stomata and epidermal cells were
identified and counted in an area, standardized to SCO x 725 ^m or .36 mm^. Cells at the
edge of the image were included in each count. In the modem Ephedra samples, two
images were analyzed fi-om each of the 10 stem segments, whereas in the Yucca 2 images
were analyzed fi'om each of 4 leaves. Two images per sample were attempted in the
midden material. Once measured, the stomatal index (£9. 2) and density {Eq.1) were
calculated. Reported site values are the means and standard errors.
In piRon pine needles, organization of the stomata along rows and thick cuticles
precluded stomatal index, so only the stomatal densities are reported. The samples were
cleaned prior to analysis to remove epicuticular wax plugs that are common in conifer
stomata (Yoshie and Sakie 1985). Stomatal density was measured in the central portion
of each needle, a position that exhibits the least amount of stomatal variability (Zelawski
and Gowin 1967). P. edulis is a 2-needled pine, so each needle represents approximately
half of a cylinder. However, the interior surface is not flat but approximates an oval
trough running the length of the needle. Stomata were counted along a defined length of
each needle (-1500 (im), but the width of the central trough varied. In cross section, the
trough approximates an elipse so the width measurement was converted into half of the
perimeter of an elipse using the formula;
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Where W, is the true width, W is the measured width, and D is the depth of the trough,
distance between the edge of each needle and the trough base using the focal plane. Each
needle was evenly centered beneath the ocular by ensuring that both edges were in focus
at the beginning of each measurement. The stomatal density was calculated by dividing
the number of stomata by the calculated surface area.

Results and Discussion
Stomatal density and index measurements were made on plant material collected
along modem transects and from packrat midden macrofossils dated from the Pleistocene
to the present. The species selected include P/nus edulis, P. remota. Ephedra spp. and

Yucca spp. The thick cuticle of the pine needles precludes the identification of epidermal
cells and therefore stomatal index could not be calculated and only stomatal densities are
reported. In the modem material morphological measurements were made on 10 needles
per tree, and S trees per site along elevational transects In Utah and New Mexico. A total
of 1250 needles were analyzed. In general, P. edulis needles are characterized by greater
stomatal densities at lower elevations (Figure 1) and the densities in the Utah population
are statistically distinct from the trees in New Mexico (df = 25, p = <0.001). Along both
transects, stomatal densities are correlated with elevation although low r^ values were
found along both transects (Table 2). Splitting the transect data by slope aspect.
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Table 2. Statistical comparisons of measurements made on Pinus edulis along elevational
transects in Utah and New Mexico.
Mean ± S.E.

Slope
r^

Stomatal Density (stomata/mm^
Combined Data
48.53 ± 0.89 -0.47/100m 0.26
Utah
40.90 ± 1.00 -0.68/100m 0.39
New Mexico
North-Facing Slopes
49.07 ± 0.86
Utah
0.08/100m 0.02
New Mexico
42.34 ± 1.71 -0.52/100m 0.12
South-Facing Slopes
Utah
48.11 ± 1.47 -0.74/100m 0.50
39.69 ± 1.04 -0.62/100m 0.63
New Mexico
Needle Width (^m )
Combined Data
1073.86 ± 38.33 18.00/100m 0.21
Utah
907.69 ± 24.74
New Mexico
5.21/lOOm 0.04
North-Facing Slopes
Utah
1029.21 ±49.19
O.lO/lOOm 0.00
New Mexico
889.29 ± 35.28 -6.05/100m 0.03
South-Facing Slope
Utah
1108.59 ±56.03 24.90/100m 0.39
New Mexico
923.03 ± 36.21
7.41/lOOm 0.08
Needle Length (mm)
Combined Data
Utah
27.40 ± 0.74 -0.07/100m 0.01
New Mexico
24.69 ± 2.28
O.lO/lOOm 0.02
North-Facing Slope
Utah
27.86 ± 0.60 -O.Ol/lOOm 0.01
New Mexico
24.00 ± 1.22 -0.39/100m 0.59
South-Facing Slope
Utah
27.05 ± 1.25 -0.62/100m 0.01
New Mexico
25.26 ± 2.88
0.18/100m 0.04
Statistical Significance; * = <0.10, ** = <0.05, ••• = <0.01

Linear Regression
df F
P
15
11

4.91
5.97

0.04»»
0.04*»

6
5

0.08
0.41

0.79
0.57

9
6

6.96
7.02

0.03
0.06*

15
11

3.65
0.36

0.08*
0.56

6
5

0.00
0.11

1.00
0.77

9
6

4.53
0.33

0.07*
0.60

15
11

0.10
0.17

0.75
0.69

6
5

0.00
4.34

0.95
0.13

9
6

0.04
0.18

0.86
0.70
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Figure 1. Stomatal density from the P. edulis trees growing in Utah and New
Mexico
north versus south, shows a much stronger correlation on south-facing slopes compared
to north-facing aspects (Table 2). In Utah the r^ value of north and south slopes increase
from 0.02 to 0.50, and in New Mexico they increase from 0.12 to 0.63, respectively. In
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addition, the south-&cing sites are statistically significant when mean site values are
compared with elevation (Table 2). Needle width in the central portion of the needle and
overall length also were recorded. Overall, the widths at lower elevations are smaller but
the changes are not highly significant along either transect (Table 2). However, the
needles are consistently wider on the south-fiicing slopes along both transects. Needle
lengths also show no relationship with elevation.
Calibration of the older midden sequences to the systematic change observed in the
modem P. edulis populations requires that the significant relationship between stomatal
density and elevation along both modem transects be considered. There are significant
differences between the stomatal density values along the Utah and New Mexico transects
(df = \2\,p = <0.000). In addition, the calculated relationship with elevation differs with
the Utah transect varying by -0.47 stomata mm'VlOO m of elevation gain whereas in New
Mexico the change with elevation was -0.68 stomata mm'VlOOm elevation gain It is
unknown if these differences are inherent to the population or result fi'om environmental
to mediate these differences the data was pooled from the two transects and a linear
relationship determined against elevation. The pooled values continue to show a
significant relationship with elevation (df = 26, p = 0.02 and r^ = 0.17 ) and show a
change of -0.41 stomata mm'^ /100 m of elevation gain. The midden data was corrected
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Figure 2. Packrat midden values for Pinus edulis. Pinus remota values are presented
for comparison purposes
prior to statistical analysis using the correction factor and the elevation from which each
midden was collected. Stomatal density was determined in 58 packrat middens collected
from the southeastern comer of the Colorado Plateau to the northern Chihuahuan Desert
(Table 1,3; Figure 2,4). The data set includes 44 Holocene middens with a mean value of
( 37.6 stomata/nmi^, 4 from the "transition" period (45.1 stomata/mm^ and 7 during the
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Figure 3. Stomatal density and index from the Utah transect.
Pleistocene (59.6 stomata/mm^. The small number of transition samples precluded their
statistical analysis, but significant differences do occur between the Pleistocene and
Holocene (t-test; df = 6.25, p = 0.03) and the mean transition values fall between the two
end members (Table 3). In addition to the occurrence of stomata on the needle surface,
the width of the needles was also significantly different between the Pleistocene and the
Holocene (t-test; df = 7.84 p = 0.06) with the transition values intermediate between the
two. Analysis of the three periods shows that stomatal density increased by 28%
between the full-glacial and the Holocene. Three samples contain needles identified Table

310

3. Statistical comparisons of stomatal measurements made on plants from middens used in
changes are not highly significant along either transect (Table 2). However the needles are
consistently wider on the south-facing slopes along both transects. Needle lengths also
showed this study
Mean ± S.E.

n

D

df

Pinus edulis
Stomatal Density.
Holocene
Transition
Pleistocene
Needle Width
Holocene
Transition
Pleistocene
Ephedra spp.
Stomatal Density
Holocene
Transition
Pleistocene

Stomatal Index
Holocene
Transition
Pleistocene
Yucca spp. (CAM)
Stomatal Density
Holocene
Transition
Pleistocene
Stomatal Index
Holocene
Transition
Pleistocene

49.3 ±0.5
55.4 ±2.0
59.6 ± 3.5

(44)
4

898.2 ± 17.4
826.6 ±55.8
792.6 ±45.8

(44)
4

*6.25

0.03

'7.84

0.06*

(7)

(7)

50.27 ± 3.46
62.79 ± 9.26
45.86

(8)
(5)

25.15 ±0.99
28.67 ±3.17
29.28

(8)
(5)

80.78 ± 16.51
106.77 ± 10.87
95.63 ±21.81

(9)
(4)
(4)

11

0.12

1
11

0.26

1
2

0.60«

0.74«
16.10 ± 1.26
(9)
2
15.86 ±2.26
(4)
18.00 ± 2.95
W
Statistical Significance; • = < 0.10, •• = <0.05, ••• = < 0.01; * t-test calculated with equal
variances not assumed.'Analysis of variance using all three periods..
as P. remota (Lanner and Van Devender 1974, 1981). Calculated stomatal density values
are similar to the surrounding P. edulis suggesting a comparable response to Pleistocene
conditions. Ephedra spp. are an ally of the gymnosperms but are characterized as small
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Table 4 Statistical comparisons of measurements made on Ephetb-a viridis and E.
torreyana along elevational transect in Utah.
Mean ± S.E.

Slope

Stomatal Density (stomata/mm^
Combined Data
EL viridis
52.55 ^ 1.80 -0.18/100m
E. torreyana
97.70 ± 1.63
0.08/100m
North-Facing Slopes
E. viridis
51.15 ± 1.82
-0.17/100m
E. torreyana
94.55 ± 1.55
0.08/100m
South-Facing Slopes
E. viridis
54.16 ± 3.31 -0.33/100m
E. torreyana
100.85 ± 1.02
1.11/lOOm
Stomatal Index (stomata/[stomata + mesophyll cells])
Combined Data
E. viridis
9.39 ±0.15 -O.Ol/lOOm
North-Facing Slopes
E. viridis
9.18 ± 0.25 -0.04/100m
South-Facing Slopes
E. viridis
9.64 ± 0.11
0.02/100m

Linear Regression

0.01 14
0.01 5

0.10
0.01

0.76
0.94

0.02
0.01

7
2

0.09
0.01

0.78
0.95

0.02
0.92

6 0.01
2 11.26

0.79
0.18

0.00 14

0.02

0.89

0.05

7

0.08

0.61

0.06

6

0.31

0.60

twiggy shrubs, 0.5 to 2.0 m in height, with drought>deciduous leaves that have been
reduced to scales and grow at each of the stem nodes. The stems are the primary
photosynthetic tissue and the stomata analyzed in this study occur on the stem cuticle.
The isolation of the stem cuticle allows the analysis of both stomatal density and index in
the E. viridis, but indistinct epidermal cells in E. torreyana resulted in only the stomatal
density being calculated. Ephedra viridis was collected along the Utah transect from 2290
to 1370 m on north- and south-facing slopes and on a south-feeing slope at 1220 m. In
New Mexico E. viridis was collected on both slopes at 167S m, and only on a south-
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Figure 4. Stomatal density and index of Ephedra spp. from packrat middens.
facing slope at 1830 m. The limited number of sites precluded it from further statistical
analysis. Along the Utah transect both stomatal density and index values are consistent
and do not change with elevation or slope aspect (Figure 3; Table 4). The mean ± S.E. for
the stomatal density and index 51.1 ± 1.7 stomata mm'^ and 26.0 ± 0.5, respectively. E.

torreyana was collected along each of the transects but only the Utah sites were analyzed.
The mean stomatal density was 97.7 ± 1.6. The small number of sites precluded

regression analysis, but the mean values were compared to £1 viridis and are significantly
different (t-test; df = 19, p = <0.01) with the K torreyana consistently larger.
The Ephedra midden record consists of 16 samples representing 10 dated to the
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Figure 6. Stomatal Index of C, Yucca and C4 Yucca specimens.

Holocene, S to the Transition, and 1 from the Pleistocene. Identification of the Ephedra
species follows the original reporting. Three of the sites are identified as E. torreyana
whereas a fourth site shows cuticle morphology at least consistent with the species. All
sites are characterized by stomatal density and index values larger than the other samples
that were identified as E. aspera (Figure 4). Excluding the K torreyana values, the
midden values show little change between the transition and the Holocene There is no
statistical difference between the Holocene and Transition values for either the stomatal
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Figure S Modem Yucca baccata and Y. glauca from the Utah transects. Statistical
analysis found no significant differences with elevation.
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Table 5 Statistical comparisons of measurements made on Yucca baccata, Y.glentca along
the Utah transect and Y. baccata along the elevational transect in New Mexico. Only
transects with four or more values are reported.
Mean ± S.E.
Stomatal Density (stomata/mm^
Combined Data
Utah
Y. baccata
62.1 ±5.7
Y. giauca
110.0 ±3.4
New Mexico Y. baccata
58.2 ± 1.9
North-Facing Slopes
Utah
Y. baccata
56.9
Y. giauca
113.4 ±4.4
55.0 ±3.0
New Mexico Y. baccata
South-Facing Slopes
63.8 ± 7.7
Utah
Y. baccata
Y. giauca
105.9 ±5.2
New Mexico Y. baccata
61.5 ± 1.5

Slope

Linear Regression

-5.05/100m 0.76
-1.5/lOOm 0.12
0.07/100m 0.08

3
10
11

6.26
1.18
0.89

0.13
0.31
0.37

-1.77/lOOm 0.22
1.34/lOOm 0.27

5
5

1.14
1.51

0.35
0.29

-1.80/100m 0.12
0.03/1OOm 0.00

4
5

0.48
0.02

0.54
0.97

0.67
0.12
0.08

3
10
11

3.97
1.27
0.89

0.19
0.29
0.37

0.03
0.00

5
5

0.12
0.00

0.74
0.97

0.44
0.43

4
5

2.64
3.00

0.22
0.16

Stomatal Index (stomata/[stomata + mesophyll cells])
Combined Data
Utah
Y. baccata
14.25 ± 0.6 -0.52/100m
Y. giauca
21.17 ±0.8 -0.36/100m
New Mexico Y. baccata
14.13 ±0.4 -0.14/100 m
North-Facing Slopes
Utah
Y. baccata
14.48
Y. giauca
21.78 ±0.78 -0.12/100m
New Mexico Y. baccata
13.56 ±0.56 -O.Ol/lOOm
South-Facing Slopes
Utah
Y baccata
14.18 ±0.88
Y. giauca
20.43 ± 1.51 -0.93/100m
New Mexico Y. baccata
14.71 ±0.50 -0.03/100m

density (df =11,/? = 0.12) or the stomatal index (df — \ \ , p = 0.26). Mean Holocene
values are 50.3 ± 3.5 stomata/mm' and 25.2 ±1.0 for stomatal density and index.

respectively. Transition values are less constrained, with the stomatal density value being
62.8 ± 9.3 stomata/mm^ and the stomatal index 28.7 ± 1.1. Only a single sample occurs in
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the Pleistocene. The stomatal density value, 45.9, and stomatal index, 29.3, are similar
to the oldest middens from the transition period. Overall, the stomatal index is much less
variable, with the exclusion of the most modem sample, all of the other stomatal index
values fall within 8.4 of one another.
The Yucca sp. represented in this study exhibits both C, and CAM physiology.
Modem Yucca baccata was sampled along the Utah transect between 2440 and 1980 m
and in New Mexico between 2290 and 1S2S m. Yucca baccata leaves exhibit succulent
tissue (Kemp and Gardetto 1982) and stomatal complexes (Soblick 1992) typical of CAM
physiology. In addition, the carbon isotope values of most of the plants are isotopically
enriched in '^C, another characteristic of CAM physiology (Van de Water et al; appendix
D). Calculation of the stomatal density and index show consistent values that do not
change with elevation (Figure S; Table 5). In addition, the Utah values are
indistinguishable from the New Mexico sites (df = 14; p = 0.41 and df = 14; p = 0.88 for
the S.D. and S.I., respectively). Mean values in Utah for stomatal density and index are
62.1 ± 5.1 stomata/mm^ and 14.3 ± 0.6, respectively. In New Mexico the mean stomatal
density is 58.2 ± 1.9 and the stomatal index mean is 14.1 ± 0.4. Modem Y. glauca,
collected in Utah, and Y. eiata, from New Mexico, are characterized by carbon isotope
values indicating C, physiology (Van de Water et al.. appendix C). The Y. glauca was
collected at 11 sites between 2590 to 1220 m whereas the Y. data occurred at only 3 sites
from 1525 to 1220 m. The mean site values for stomatal density and index in the Utah
population (n = 11) is 110.0 ± 3.4 and 21.2 ± 0.8 and in New Mexico (n = 2) is 121.7 ±
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16.6 and 22.1 ± 3.9, respectively. The low number of sites in New Mexico precludes
statistical comparison with the Utah sites. The Utah Y. glauca data did not show
statistically significant changes in stomatal density or index with elevation (Table S).
Therefore no calibration occurred on the midden samples exhibiting C, physiology.
Midden samples that are characterized by carbon isotope values and stomatal
arrangements typical of CAM physiology were separated from those showing C,
characteristics (Table 1). Stomatal density and index were determined for 17 middens
from south-central New Mexico and west Texas. The middens were split into time
periods with 9 from the Holocene, 4 from the transition, and 4 from the Pleistocene. The
data were not corrected, because the modem samples lacked a significant relationship

between elevation and stomatal frequency. The small number of samples in the transition
and Pleistocene precluded further statistical analysis. However, the mean stomatal density
and index trended towards lower numbers from the Pleistocene to the Holocene, but the

transition values showed high variability and had the largest stomatal density and smallest
stomatal index values (Table 3). The C3 Yucca spp. consist of 21 samples collected from
the southeastern comer of the Colorado Plateau (n = 18) and central New Mexico (n = 3).
All of the midden values are dated to the Holocene so different time periods could not be

compared. The mean ± SE of the stomatal density and index values for the southeastern
Colorado Plateau middens are 128.91 ± 10.24 and 17.35 ± 0.97 whereas central New
Mexico values are lower at 111.37 ± 35.76 and 10.5 ±1.1, respectively (Figure D).
Of the four different species presented only P. edulis showed significant
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differences between the Pleistocene and the Holocene. Stomatal density was reduced by
28% between these periods and is greater than the 17% decline exhibited by higher
elevation/'//mjy7exi7/5 needles during deglaciation (Van de Water e/a/. 1994). During
the Pleistocene, atmospheric COj levels were reduced by one third of pre-industrial values

to concentrations between 180 and 200 ppmv (IndermQhle et al. 1999; Smith et al. 1999).
These low atmospheric CO2 concentrations would have affected not only carbon

acquisition but plant-water balance and involve leaf stomata as a primary control point for
gas-exchange. Farquhar and Sharkey (1982) have modeled the relationship between

carbon assimilation rates and changes in the intercellular carbon dioxide concentration.
Their results suggest that under flill-glacial CO2 conditions, assuming that the ratio of
internal (Cy) to external (CJ carbon dioxide is maintained, carbon assimilation rates were

as much as 50% lower than current values. The ability to maintain a constant C/C„ ratio
must be accomplished by reducing the demand through lowered carbon assimilation or
reducing the diffusion gradient from the exterior to the site of fixation. The addition of
stomata to the leaf surface is one possible mechanism to insure that the concentration
gradient between the atmosphere and the interior of the leaf is minimized (Ehleringer and

Cerling 199S; Beerling 1996). However the addition of stomata onto a leaf surface results
in greater transpiration of plant water from the leaf interior. Carbon isotope analysis
showed a 28% reduction in reconstructed WUE in P. edulis and 15% in P. flexilis during
the last ice age (Van de Water et al. 1994). The C/C. ratio was held nearly constant in the

P. edulis samples. During the same period, the P. flexilis showed a 14% reduction in the
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C/C, ratio and only a 15% increase in stomatal density. The overall lower response in P.

flexilis may be the result of limitations imposed on it by its upper elevational distribution.
Increased stomatal density on angiosperm leaves has been correlated with greater frost
sensitivity (Roselli et al. 1988).
The Pleistocene P. edulis and P. flexilis (Van de Water et al. 1994) samples also
showed significant reductions in needle width during the Pleistocene. With carbon
assimilation rates reduced by half, not only would thinner needles help to maintain a near
constant C/C, ratio by shortening the difiiision pathway into the needle but the smaller
size would have drawn on less carbon for needle biomass. The effect of low atmospheric
CO2 on the non-photosynthesizing tissue is unknown. However with concentrations at
180 to 200 ppmv any process that would further reduce atmospheric COj levels would
significantly restrict carbon assimilation values. Bazzaz and Williams (1991) show
significant reductions in atmospheric COj concentrations within forest crowns during
periods of active photosynthesis. For example, during the sunrmier (July 4) at crown level
atmospheric levels of340 ppmv were reduced to 280 ppmv, a change of 18%. This
suggests trees growing close together would have been at a disadvantage compared to
wider spacing where atmospheric mixing was maximized. Similarly, processes that
increase atmospheric CO} would have been advantageous to past plant populations. For
example, the partial pressure of carbon dioxide contained within soils can be 10 to 100
times greater than the atmosphere (Brook et al 1983). This was also evident in the study
of Bazzaz and Williams (1991) where CO2 concentrations close to the ground were
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significantly larger than atmospheric levels. Under this scenario, lower vegetative growth
would have had greater access to heightened COj concentrations.
In contrast to the pines. Ephedra spp. changed little between the transition and the
Holocene. This is especially true for the stomatal index where all values, except for a near
modem outlier, fell within 8.4 stomatal index units of each other including those from the

transition and the single Pleistocene representative. Ephedra grows close to the ground
and photosynthesis occurs primarily within the stems of the plant. The constraints
imposed on growth of the stem tissue versus the leaves analyzed in the other species may
result in a reduction of response within the Ephedra spp. However, this invariance is not
unique to morphological measurements but is noted in the carbon isotope values of

Ephedra samples from many of the same sites. 6"C values indicate that unlike the pines.
Ephedra increased the C/C, ratio between the transition and the Holocene, and that WUE
were nearly constant between the two time periods (Van de Water et al.; appendix D).
With little change in the stomatal density or index, a reduced Q would result in a reduction
in carbon fixation and thus lowered photosynthesis rates and plant biomass. The small
shrubs may have benefitted from the out gassing of CO2 from the soils, which could
heighten concentrations around the stomatal opening, but the twiggy nature of the plant
facilitates mixing and dispersion of elevated gas concentration into the atmosphere. The
differences between Ephedra spp. and the other gyninosperms suggests that plant
allometry may play a significant role in the adaptability to changing atmospheric CO2
concentrations.
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The Yucca samples were split between carbon acquisition physiologies, resulting in
C3 samples only occurring in the Holocene and CAM middens represented during all three
periods. The analysis of Yucca provides a unique record of stomatal density and index
data in samples representing CAM plants from the flill-glacial to present. The CAM values
showed no difference in stomatal density or index between the time periods. This
stationary response in stomatal frequency is similar to the C4 plant Salsola kali (Raven and
Ramsden 1989). Both CAM and C4 physiologies partially decouple their stomatal
function from COj demand within the leaf tissue by storing carbon reserves. CAM plants
take CO2 into the leaf at night and store it until daylight when it is decarboxylated and
fixed through photosynthesis. During the fiill-glacial, when atmospheric CO2
concentrations were 180 to 200 ppmv, the acquisition of carbon could occur for long
periods during the evening which is an advantage over Cj plants that must contend with
balancing carbon acquisition and evaporative demand. The lack of change within the
CAM Yucca spp. is consistent with less need to adjust to lowered COj values. The C3
Yucca spp. samples are restricted to the Holocene and showed no change in stomatal

density or index through time. However, the characteristics of the stomata complexes
were similar and the absolute values of stomatal density and index showed wide

differences from the CAM species. Both measure may be used to differentiate unidentified
macrofossils in the future.
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Conclusion

The response of the four species presented in this study indicates that plant species
responded to changes in atmospheric CO2 levels in different ways. Throughout this study
the stomatal density values show greater variability than the stomatal index. Increased
stomatal densities in P. edulis are in contrast to the relatively invariant responses in the

Ephedra spp. and the €3 Yucca spp. P. edulis is characterized by a 28% decrease in
stomatal density of P. edulis between the Pleistocene and the Holocene as atmospheric
CO2 rose. This is similar to the calculated change in WUE in the same species but is
greater than reported P. flexilis values (Van de Water ei al. 1994). Ephedra spp. show
little change in stomatal density and almost no change in the stomatal index through time.
Restriction of photosynthesis to the stem tissue may play a fundamental role in
determining the ability of plants to respond to changing atmospheric conditions. The use
of stomatal density to reconstruct

past atmospheric CO2 concentrations is viewed with

caution because of the variability apparent in the species analyzed. The physiological
pathway for carbon acquisition of CAM species, K baccata and the C4 Yucca spp.
midden samples may contribute to their lack of stomatal response to changes in
environmental conditions and atmospheric CO2 concentrations. The species-specific
response of stomatal density and index to changing atmospheric conditions may indicate
significant differences in past plant community composition and stature. Low
atmospheric COj concentrations would favor plants that could best enhance COj
acquisition.
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