
Effective methodologies to better decipher
past environments and corresponding eco-
physiological responses of flora often include
analysis of a variety of plant materials, e.g.,
tree rings (Leavitt and Long 1988, Bert et al.
1997, Feng 1998), plants preserved in sediments
and woodrat middens (Marino et al. 1992, Van
de Water et al. 1994), and historically archived
plant samples (Woodward 1987). Leaves would
seem to be a particularly useful substrate from
which to extract such information because
they are at the forward edge of plant-atmos-
phere interactions and because current plant
stable-carbon isotopic fractionation models are
based on leaves (O’Leary 1981, Farquhar et al.
1982). The availability of historical sequences
of leaves of known provenance, grown in nat-
ural settings under changing atmospheric en-
vironments, could help resolve important ques-
tions regarding the capacity of plants to main-
tain “set point” regulation (homeostasis) of eco-
physiological parameters (Wong et al. 1979,
Polley et al. 1993, Ehleringer and Cerling 1995,

Marshall and Monserud 1996), e.g., internal
CO2 concentration (Ci), ratio of internal to
atmospheric CO2 concentration (Ci/Ca), differ-
ence between internal and external CO2 con-
centrations (Ca–Ci), and intrinsic water-use
efficiency, A/g (where A is the rate of photo-
synthesis and g is the rate of stomatal conduc-
tance).

Herbarium leaves offer promise for assess-
ing plant environmental response over the last
several hundred years, the last 200 of which
have been characterized by profound global-
scale changes in atmospheric chemistry. Fossil-
fuel consumption and land-use changes have
driven an atmospheric CO2 concentration in-
crease of ca 30% (from ca 280 to 360 ppmv;
Barnola et al. 1995) and a corresponding 13C
depletion in atmospheric CO2 (δ13Cair) from
ca –6.5‰ to –8.2‰ (Friedli et al. 1986, Keel-
ing et al. 1989, 1995; Fig. 1). Leaves archived
in herbarium collections in Europe from this
time interval have already been exploited to
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track effects of changing CO2 as recorded in a
stomatal density/stomatal index decline of ca
20–40% since 1800 A.D. (Woodward 1987,
1993, Peñuelas and Matamala 1990, Paoletti
and Gellini 1993).

More recently, δ13C of herbarium leaves
has been used in efforts to further expose and
define the influence of these global atmos-
pheric changes. Peñuelas and Azcón-Bieto
(1992) measured a δ13Cplant shift of ca –1‰ in
the averaged isotopic composition of C3 leaves
of several species from herbarium collections
that was consistent with fossil-fuel effects, and
a decrease in plant isotope discrimination, ∆
(the difference between atmosphere and plant
δ13C; see Methods). The δ13C trend from 2 C4
species was less uniform but also suggested
decreased discrimination. Woodward (1993)
measured δ13C in herbarium leaves for the 8
species of British trees initially sampled for
stomatal density (see Woodward 1987). δ13Cleaf
generally declined during the past 250 years,
though there was considerable scatter attrib-
uted to marked annual variations in weather.
δ13Cleaf decline may be influenced by the con-
tinual depletion of δ13Cair and/or an increase
in water-use efficiency (calculated as A/g,
rather than instantaneous water-use efficiency,
A/E, where E is the transpiration rate) from
leaf responses to atmospheric CO2 enrich-
ment. Woodward (1993) calculated A/g from
δ13Cleaf, using historical trends in δ13Cair and
Ca in the computation, and found that A/g
increased 28% over the past century, most likely
through increases in Ca. Beerling et al. (1993)
also found that δ13C declined from –24‰ to
–30‰ in Salix herbacea leaves collected in
England between 1819 and 1985. They felt
the increasing ∆ represented by the large
δ13C decrease was consistent with decreasing

stomatal density in S. herbacea found by Beer-
ling and Woodward (1993) because stomatal
density and ∆ are both “surrogate” indicators
of water-use efficiency, responding to increas-
ing atmospheric CO2. Toolin and Eastoe (1993)
also analyzed δ13C of herbarium specimens
and modern samples of C4 Setaria grass species,
their results falling within the range of other
records of recent δ13Cair changes. Most of
these herbarium δ13C and stomatal density
studies have been characterized by limited
numbers of leaf samples for individual taxa
and few replicates for particular years or
decades. Also, many herbarium studies do not
present or plot measurements from individual
taxa. Instead, they plot multispecies averages
of actual measurements or relative differences
to represent historical trends in stomatal den-
sity and δ13Cleaf (Woodward 1987, 1993, Peñue-
las and Matamala 1990, Peñuelas and Azcón-
Bieto 1992, Paoletti and Gellini 1993). Kelly
and Woodward (1995) advocate multispecies
approaches in plant isotopic studies, which we
also endorse in the sense of identifying and
understanding differential species responses.
Simple multispecies averaging, however, is like-
ly to confound rather than enhance detection
of leaf responses to environmental forcing
because of different lengths of growing season,
different above- and belowground architecture,
different strategies for coping with drought,
etc.

This study examines variations in δ13C (and
other related ecophysiological parameters) of
leaves from several species representing dif-
ferent functional types (e.g., C3 vs. C4, angio-
sperms vs. gymnosperms) and growth forms
within a confined area of the southwestern
part of North America since 1850 A.D. Because
of the large number of samples analyzed (each
time series represents ca 50 δ13C measure-
ments per taxon), the response of isotopic
parameters to changing atmospheric composi-
tion can be better recognized and quantified.

METHODS

Herbarium specimens from northern Ari-
zona and northwestern New Mexico were tar-
geted for analysis (Fig. 2), with the majority of
samples coming from either the Mogollon Rim
or the Colorado Plateau physiographic pro-
vinces. A spreadsheet containing the age, geo-
graphic location, and isotopic results for each
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Fig. 1. Atmospheric changes in CO2 (dashed line) and
δ13C (solid line) as determined from measurements of air
trapped in bubbles of ice cores and direct atmospheric
measurements (after Bert et al. 1997).



sample is available at http://wwwpaztcn.wr.
usgs.gov/ betancourt_table.html. The Rim is a
topographic break oriented southeast to north-
west between the Basin and Range Province
(and Sonoran Desert) to the south and the
Colorado Plateau to the north. The herbarium
samples from the Rim come mostly from the
deep valleys of the Verde River and its tribu-
taries, which drain the Rim area south of Flag-
staff. The Colorado Plateau consists of wind-
swept mesas punctuated locally by volcanic
terrain (e.g., the San Francisco Peaks near
Flagstaff) and deeply incised, steep-walled
canyons in nearly horizontal sedimentary for-
mations.

We chose leaves of 7 species available from
9 herbaria to canvas 2 photosynthetic pathways:
the C4 pathway represented by the halophytes
Atriplex canescens and A. confertifolia, and the
C3 pathway represented by the gymnosperms
Ephedra viridis, Pinus edulis, P. flexilis, and
Juniperus scopulorum, and the C3 angiosperm
Quercus turbinella. Herbarium specimens were
selected to encompass a limited geographic
and altitudinal range (a few degrees of latitude
and longitude and less than ~1000 m differ-
ence in elevation) with a target of 50 speci-
mens spanning 100–150 years for each species.
For environmental uniformity, δ13Cleaf studies
should select leaves only from flowering shoots,
with the assumption that they develop under a
high irradiance from the outside of the tree
crown (Woodward 1993). We note that botan-
ists generally select flowering shoots in the
field because most taxonomic studies require
flowers. For convenience, botanists preferen-
tially sample the outside of the plant’s crown. 

Four of our taxa (A. confertifolia, A. canescens,
E. viridis, and Q. turbinella) are low shrubs
less than 1.5 m tall; we are confident that most
herbarium specimens from these species rep-
resent sun leaves from the top of the crown.
The conifers (P. flexilis, P. edulis, and J. scopu-
lorum) are relatively low (<5 m) trees with
open crowns and would have been sampled
from the outside of the crown at 1.5–2 m
heights. Desert scrub and woodland commu-
nities in this semiarid region are by nature
open canopy; shading may be less confound-
ing to leaf anatomy and physiology than in
forested communities in more humid regions.

For A. confertifolia and A. canescens, we
randomly selected 5 to 10 leaves from the
herbarium specimens or from collections of
previously detached leaves. Leaves were cut
in half longitudinally along the central leaf
vein, providing half for initial analysis and the
remainder for replacement material if needed.
We randomly chose 10 needles from multiple
cohorts on single branches on P. edulis and P.
flexilis herbarium sheets. One-third of the dis-
tal portion of each needle was removed and
pooled into a single sample. The distal por-
tions of 5 to 10 J. scopulorum twigs and 5 to 10
terminal joint segments from each E. viridis
were likewise pooled. The E. viridis samples
were cut in half perpendicular to their long
axis. We removed 5 leaves for Q. turbinella
from each sheet and cut them longitudinally
along the central leaf vein. Leaf samples from
living vegetation were collected in 1996 for
some of the species from the Oak Creek Can-
yon area south of Flagstaff, Arizona.
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Fig. 2. Map of Arizona and New Mexico showing collection sites for herbarium specimens by species.



The leaf material was milled to 20-mesh,
soluble organic compounds were extracted
with toluene and ethanol in a soxhlet extrac-
tion apparatus, and the remaining plant matter
was delignified in a 70°C, acidified sodium
chlorite solution (Leavitt and Danzer 1993) to
obtain holocellulose. C4 plant holocellulose was
treated for 2 days with 10% HCl (after Baker
1952) to dissolve oxalates prior to combustion
and analysis. The holocellulose was combusted
with CuO in evacuated quartz tubes at 900°C
for 2 hours and at 650°C for 2 hours (Boutton
1991). CO2 was cryogenically collected and
purified on a vacuum extraction line within 48
hours of combustion. It was then analyzed with
a mass spectrometer (Finnigan Delta-S®), and
δ13C (= [(13C/12Csample – 13C/12Cstandard) –1] ×
1000) calculated with respect to the inter-
national PDB standard (Craig 1957). Repeated
analysis of a spruce wood holocellulose stan-
dard with the C3 samples gave a standard
deviation of 0.13‰ (n = 32), whereas repeated
analysis of a sucrose standard with the C4
samples gave a standard deviation of 0.35‰ (n
= 24). In this study the lower precision on the
C4 standard should not restrict interpretations
because inter-plant variability turned out to be
approximately 10 times higher.

Whole-tissue δ13C values used in calculat-
ing the physiological parameters were obtained
by subtracting 1.5‰ (Van de Water et al.
1994) and 2.6‰ (Van de Water 1999) from
holocellulose δ13C values for C3 and C4 plants,
respectively. We estimate these conversion
factors are accurate to about ±0.5‰. δ13Cair
and CO2 concentrations (Ca) were derived
from a spline fit of ice core and direct atmos-
pheric measurements (Bert et al. 1997; Fig. 1)
and were used to calculate discrimination (∆),
Ci/Ca, Ci, and A/g from the following relation-
ships (Farquhar et al. 1982, O’Leary 1993):

∆(‰) = (δ13Cair – δ13Cplant) / (1+ (δ13Cplant/1000)) (1)
δ13CC3 plant (‰) = δ13Cair – a – (b – a)Ci/Ca (2)
δ13CC4 plant (‰) = δ13Cair – a – (b4 + b3φ – a)Ci/Ca (3)
A/g = (Ca–Ci) / 1.6 (4)

wherein a is the fractionation by diffusion into
the stomata (4.4‰), b and b3 are the fractiona-
tion caused by RuBP carboxylation (reported
as ca 27–30‰; 27‰ and 29‰, respectively,
are used in this study), Ci is the concentration
of CO2 in the intercellular leaf space, Ca is
concentration of CO2 in the air, b4 is PEP-C

fractionation (–5.7‰, slightly temperature-
dependent), φ is the fraction of CO2 initially
fixed in mesophyll by PEP-C that is decar-
boxylated in the bundle sheath cells but lost
by diffusion before it can be fixed by RuBP, A
is the assimilation rate, g is the leaf stomatal
conductance to water vapor transfer, and 1.6 is
the ratio of diffusivities of water vapor and
CO2 in air. Leakiness (φ) values range from 0.1
to 0.6, with no recorded values greater than
0.6 (Sandquist and Ehleringer 1995). For
species subtypes, φ tends to be greater in dicots
than among other C4 subtypes (Farquhar 1983).
In this study we used φ of 0.6 for all calcula-
tions involving C4 species because in many
cases lower φ values produced numerous un-
reasonable results such as Ci/Ca >1 and nega-
tive A/g.

Third-order polynomial regressions do not
have a mechanistic basis, but they were deemed
flexible enough to identify trends in isotopic
time series for this analysis and were espe-
cially useful to capture trends despite the scat-
ter. These polynomials were sufficiently flexi-
ble to reveal isotopic changes in the last 50
years when exponential changes in atmos-
pheric CO2 and δ13Cair have been most pro-
nounced. Linear regressions of δ13C with lati-
tude, longitude, and altitude of each herbar-
ium sample were employed to identify any
geographical influences on each species.

RESULTS

Only 2 significant correlations of δ13C with
latitude, longitude, or elevation emerged, both
at P < 0.05 with J. scopulorum (not shown).
The 1st was a positive relationship of δ13C
with elevation (r = 0.40; regression slope =
0.0023‰ m–1), and the 2nd was an inverse
relationship with longitude (r = –0.43; regres-
sion slope = –0.034‰ degree longitude–1).
The relationship with longitude may be ran-
dom, although the J. scopulorum sites gener-
ally are not at constant latitude but progres-
sively lower latitudes moving eastward. Such a
NW–SE alignment could imprint a signal of
percent summer monsoon precipitation (ver-
sus annual total precipitation), which increases
in the same direction. However, δ13C is in-
creasing toward the southeast, opposite of
what might be expected if summer precipita-
tion is increasing in that direction. The occur-
rence of depleted values at lower elevations
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may result from a riparian association rather
than from any overarching environmental gra-
dients usually resulting in warmer, drier micro-
climate at progressively lower elevations. The
distribution of δ13C with elevation was strong-
ly bimodal, with widely scattered values (range
of –22‰ to –27.5‰) above 1700 m and de-
pleted values (–24.5‰ to –27.5‰) below 1700
m. The most likely explanation is that below
1700 m J. scopulorum is restricted to riparian
settings such as Oak Creek near Sedona, Ari-
zona; trees in these settings were essentially
being watered by permanent streams and would
not reflect water stresses typical at lower ele-
vations. Fortunately, sample elevations were
distributed randomly throughout the J. scopu-
lorum δ13C chronology and would therefore
be unlikely to force any trend in the chronol-
ogy. Furthermore, in a separate study also on
the Colorado Plateau, we measured δ13C vari-
ations with elevation in modern populations of
several species (including P. edulis, E. viridis,
A. confertifolia, A. canescens). We found δ13C
variations with elevation to be largely nonsys-
tematic (Van de Water 1999).

Figure 3 contains the leaf whole-tissue
δ13C chronologies for each species converted
from holocellulose values. δ13C values of P.
edulis were constant through the time period,
P. flexilis and to some extent J. scopulorum
showed downward trends, and A. confertifolia,
A. canescens, Q. turbinella, and E. viridis
showed particularly pronounced δ13C decreases
after ca 1950. Discrimination (Fig. 4) increased
markedly for A. canescens and P. flexilis. Pinus
edulis exhibited clearly decreasing discrimina-
tion while the other species generally did not
show a consistent long-term trend, although
A. confertifolia and E. viridis exhibited an up-
turn after 1950 while discrimination of J. scop-
ulorum declined. For A/g, P. edulis and Q. tur-
binella showed long-term increases, whereas
A. canescens declined (Fig. 5). The other species
showed limited long-term trends, although P.
flexilis and J. scopulorum increased after 1950.

DISCUSSION

Altitude and Latitude Effects

Despite lack of significant correlations with
altitude/latitude, there may yet remain alti-
tude and latitude effects embedded in all of
our isotopic results. For example, Körner et al.
(1991) showed a δ13C gradient of –0.036‰

per degree of latitude for perennial herba-
ceous species growing across a span of 70°
from the tropics to the poles. If this gradient is
applied to the herbarium data in this study,
which span at most 4° latitude, the latitude
effect alone would make the most northerly
samples only 0.14‰ more negative than the
most southerly samples. Since this is well
within our analytical error, any latitudinal
influence should be negligible.

The effect of altitude on plant δ13C is not
fully understood and has been variously
ascribed to temperature and partial pressures
of CO2 and O2 (pCO2 and pO2; Körner and
Diemer 1987, Körner et al. 1988, 1991, More-
croft and Woodward 1990, Kelly and Wood-
ward 1995). Körner et al. (1988) found a δ13C
gradient of +1.2‰ km–1 altitude irrespective
of life form (trees, shrubs, forbs). This may be
a consequence of lower Ci/Ca ratios at higher
altitude (Körner and Diemer 1987, Körner et
al. 1988). The mechanism suggested for the
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Fig. 3. Chronologies of herbarium leaf whole-tissue
δ13C for each of 7 species.



decrease in Ci/Ca was higher carboxylation
efficiency at higher altitudes. In contrast, Friend
et al. (1989) determined that δ13C either de-
creased or did not change at all with increas-
ing altitude. Morecroft and Woodward (1990)
found a similar relationship but concluded
that, averaged over the globe, plants may show
increasing δ13C values with altitude although
locally the slope could be negative, perhaps
influenced by environmental factors such as
soil water supply and water vapor pressure
deficits. Kelly and Woodward (1995) reana-
lyzed data from Körner et al. (1988) and found
that δ13C actually does vary with life form,
with more negative δ13C values in taller plants.
Kelly and Woodward (1995) concluded that
differences in pCO2 and pO2 are sufficient to
explain observed differences in carbon isotope
composition. Vitousek et al. (1990), however,
suggested that increasing leaf diffusion resis-

tance at higher elevations could cause the
higher δ13C values. Van de Water (1999) ana-
lyzed δ13C of several taxa along 2 mountain
gradients (1200–2600 m) in the southwestern
USA. He found that most taxa exhibited either
a slight decrease or no significant change in
δ13C with altitude. The depletion with alti-
tude, compared to data sets elsewhere in the
world, may be because isotopic discrimination
decreases and A/g increases with water stress
at more arid, lower elevations.

Within a given species, herbarium samples
from altitudes 1000 m apart were not uncom-
mon, and in a few cases up to 1500 m. If a gra-
dient of +1.2‰ km–1 altitude is applicable to
this study, then elevation could have some
measurable influence on δ13C results. We did
not apply altitude corrections, however,
because (1) for all species, elevations were
randomly distributed throughout the range of
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Fig. 4. Chronologies of herbarium leaf whole-tissue dis-
crimination (∆) for each of 7 species.

Fig. 5. Chronologies of herbarium leaf whole-tissue A/g
(intrinsic water-use efficiency) for each of 7 species. These
patterns would be identical to Ca–Ci plots.



ages of the herbarium samples; (2) there were
no significant correlations of δ13C of herbar-
ium specimens with elevation (except J. scopu-
lorum); (3) other field evidence indicates either
no trend or decreasing δ13Cleaf with altitude
in the southwestern USA (Leavitt and Long
1983, Lajtha and Getz 1993, Van de Water
1999); and (4) there are large uncertainties in
size and magnitude of any universal altitude
effect.

C4 Plants and 
Atmospheric δ13C

The case has been made (Francey 1986,
Marino and McElroy 1991, Marino et al.
1992) that analysis of C4 plants would permit
exact reconstruction of past δ13Cair when φ =
0.37 because δ13Cplant would be independent
of Ci/Ca and discrimination would be constant
(4.4‰); thus, δ13Cplant would only be a func-
tion of δ13Cair. Small (up to 20%) deviations
from φ = 0.37 would produce fairly accurate
reconstructions of δ13Cair, even if Ci/Ca was
poorly known. Despite the scatter, the mean
Atriplex herbarium trends generally follow the
trend of atmospheric δ13C changes, except for
the pronounced negative departure of A.
canescens after 1960. Both species, however,
exhibit considerable isotopic variability, with a
range of 3–4‰ among values within any given
time interval. Thus, in the worst case, the
value from an individual plant would be ca
2‰ from the average. If such a value had
been used as a proxy for δ13Cair, then a 2‰
error in inferred δ13Cair would translate to a
ca 20% error in A/g for a C3 plant. Clearly,
multiple sampling and averaging of herbarium
specimens of the same age or, by extension,
packrat midden samples, could substantially
reduce this error. The δ13Cair–δ13Cplant offset
is ca 8.3‰ (not shown). This 8.3‰ offset is
much larger than ca 4.4‰ expected if φ =
0.37, suggesting δ13Cplant values of these speci-
mens are not independent of Ci/Ca.

The scatter in the δ13C data for these 2 C4
plants may be related to factors that influence
φ and/or Ci/Ca. For example, Buchmann et al.
(1996) found that variable light levels and
water availability influenced discrimination of
C4 grasses in controlled-growth experiments,
which they attributed to changes in φ when
assuming a constant Ci/Ca. Sandquist and
Ehleringer (1995) studied A. confertifolia along
a salinity gradient and noted that salinity may

influence φ by disrupting membrane proper-
ties or the “coordination” of C3 and C4 cycles in
the mesophyll and bundle sheath cells (Peisker
and Henderson 1992). With increasing salin-
ity, leakiness (φ) increased and discrimination
increased as much as 2‰, perhaps related to
changes in bundle sheath permeability to CO2
and/or biochemical activity of the enzymes
rubisco and PEP-carboxylase. In contrast,
Peisker and Henderson (1992) found that C4
plants became isotopically heavier as salinity
increased, inferring that stomata close at high
salt concentrations with attendant decrease in
Ci/Ca. There is no relevant information on
specific salinity, light, or moisture conditions
associated with individual herbarium speci-
mens, and thus no corrections can be made for
these factors. This lack of local plant micro-
environmental information is an inherent draw-
back of these herbarium studies.

A leakage factor of 0.6 was arbitrarily used
to calculate ecophysiological parameters such
as A/g. Had a more conventional leakage fac-
tor been assumed, such as the 0.37 used by
Marino et al. (1992) for A. confertifolia, then
many unrealistic values would have resulted
(e.g., negative A/g). Even with this high leak-
age factor, a few of the ecophysiological para-
meters calculated for herbarium A. confertifo-
lia are unrealistic (see web spreadsheet). Addi-
tional uncertainty arises because the factor we
used to convert the original cellulose δ13C val-
ues to whole-tissue δ13C for set-point calcula-
tions has an estimated error of about ±0.5‰,
which might have been avoided if the whole
tissue had been analyzed directly. However,
even if this had been done, there would remain
uncertainties about movement of mobile organ-
ic compounds in and out of the leaf that were
not representative of the leaf photosynthates
at the time of manufacture. Also, the PEP-C
fractionation term b4 has a slight temperature
dependence (Sandquist and Ehleringer 1995)
that could also influence the results.

In view of the unusually high φ assumed in
order to produce generally realistic ecophysio-
logical parameters, the greatest utility of these
inferred parameters may be in their patterns
and trends rather than their absolute values.
Additionally, the Atriplex species have among
the most negative δ13C values of C4 plants,
probably attributable to their general leakiness
(Farquhar 1983).

354 WESTERN NORTH AMERICAN NATURALIST [Volume 62



Although both Atriplex species show de-
clining δ13C, particularly pronounced after
1940–1960, the A. canescens data points lie
much closer to their fitted 3rd-order polyno-
mial. The steep negative slope of A. canescens
is much greater than the actual change in
δ13Cair of ca 1.5‰ over this time period. The
A. confertifolia δ13C slope more closely approx-
imates the actual change in δ13Cair, but the
scatter about the mean is much higher. Addi-
tionally, ecophysiological parameters such as
A/g show little change for A. confertifolia but
large changes for A. canescens. Although the
certainty of the trends of the calculated eco-
physiological parameters is limited by assump-
tions in equations 1–4 already discussed (e.g.,
the whole-tissue δ13C vs. cellulose δ13C cor-
rection factor), we are comparing trends of
what are our best estimates.

C3 Plants

C3 plants in this study represented 4 gym-
nosperms (P. edulis, P. flexilis, J. scopulorum,
and E. viridis) and 1 angiosperm (Q. tur-
binella). Mean δ13C values for each species
show P. edulis as isotopically heaviest (mean =
–21.84‰, s = 1.26‰) and Q. turbinella light-
est (–25.17‰, 1.34‰). Juniperus scopulorum
was the lightest gymnosperm (–24.67‰,
1.36‰), yet only 0.56‰ heavier than Q. tur-
binella. Pinus flexilis and E. viridis were inter-
mediate, with mean δ13C values of –23.68‰
(s = 1.50‰) and –23.32‰ (1.26‰), respec-
tively. Previous comparisons of wood cellulose
δ13C have suggested gymnosperms are from
ca 1‰ (Leavitt and Newberry 1992) to 3‰
(Stuiver and Braziunas 1987) 13C-enriched
compared to angiosperms, and Q. turbinella is
indeed more 13C-depleted than all the gym-
nosperms except P. flexilis.

The atmospheric δ13C chronology shows a
decrease as atmospheric CO2 increases (Fig. 1),
and most of the C3 species also show various
δ13C declines, the most pronounced exception
being P. edulis for which δ13C remains con-
stant. The constant P. edulis δ13C is in sharp
contrast to the P. edulis tree-ring results from
this region by Leavitt and Long (1988) that
show a downward δ13C trend. This discrep-
ancy may be a consequence of (1) tree rings
more effectively integrating the influence of
numerous crown microenvironments, (2) the
selection of trees from more open woodlands

in the tree-ring study, and (3) different (and un-
known) average microenvironmental conditions
of the trees sampled for herbarium specimens.

Herbarium leaves of P. flexilis are the most
spatially restricted of the 7 species used in this
study, with all but 2 samples coming from the
San Francisco Peaks near Flagstaff, Arizona.
Additionally, because 40 of 50 samples were
from a narrow 2600- to 3000-m elevational
range, environmental conditions should have
been uniform for this suite of samples. Pinus
flexilis does show the clearest δ13C declining
trend, although there remains considerable
scatter of up to ca 5‰ among samples of simi-
lar age. Furthermore, the P. flexilis δ13C decline
was 2–3 times greater than the ca 1.5‰ de-
crease in δ13Cair. Long- and short-term climate
variability in north central Arizona may account
for some of these isotopic characteristics.

As expected, greater scatter than that ob-
served in the P. flexilis δ13C chronology was
found in the other 4 C3 species whose prove-
nance is more extensive. In addition to long-
and short-term regional climate effects, indi-
vidual microsite variability may exist, such as
riparian associations of low-elevation J. scopu-
lorum trees. Intra-canopy and inter-tree leaf
δ13C variability in the amount of 1–2‰ has
been previously observed in P. edulis and
juniper ( Juniperus spp.; Leavitt and Long
1983, 1986). The leaf δ13C variability with
height in the canopy may be an effect of vari-
able light and respired CO2 concentrations at
different heights below the canopy top (Med-
ina and Minchin 1980, Garten and Taylor
1992).

There is the possibility that climate vari-
ability influences some of the chronologies in
Figures 3–5. For example, in Figure 3 the
apparent plateau of elevated δ13C values for
A. confertifolia and E. viridis coincides with
mid-century, below-average precipitation in
this region and what was possibly the worst
drought in the Southwest during the past sev-
eral hundred years (Meko et al. 1993, Swet-
nam and Betancourt 1998). In addition to the
longer-term climate influences, short-term
episodes such as El Niño may contribute to
year-to-year variation, which might be lost if
only the best-fit smoothed polynomial curves
are examined.

Although an original goal of sample acquisi-
tion, samples could not always be found every
2 or 3 years through this century-long time
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frame. The earlier part of this century has fewer
samples in the chronology of each species,
thereby providing unequal weighting of the
best-fit polynomial curves. The reliability of
the early part of many of the chronologies will
therefore generally not be as high as the more
recent portion of the curves.

Discrimination should increase if the CO2
increase promotes elevated Ci/Ca ratios. Only
P. flexilis exhibits increasing discrimination,
while E. viridis, J. scopulorum, and Q. turbinella
have no consistent long-term trends, and P.
edulis discrimination actually decreases dur-
ing the past ca 100 years. Discrimination can
also be particularly susceptible to water avail-
ability such that drought conditions can
reduce discrimination (Leavitt and Long 1988)
as stomata tend to stay closed longer to reduce
water loss. In addition to CO2 partial pres-
sures and water stress, other environmental
factors such as irradiance, relative humidity,
vapor pressure deficit, temperature, and nutri-
ent content may influence Ci/Ca and therefore
discrimination (Farquhar et al. 1982, Tieszen
1991). These environmental factors are typi-
cally related to rates of stomatal conductance
and the chloroplast demand for CO2 (rates of
assimilation) that contribute to Ci/Ca differ-
ences (Ehleringer and Cerling 1995).

An anticipated consequence of elevated
CO2 is higher A/g. Woodward (1987) found an
overall reduction in stomatal density from
1787 A.D. to the present and concluded that
during pre-industrial times, when atmospheric
CO2 levels were only ca 270 ppmv, maintain-
ing CO2 uptake would have been costly in
terms of plant water loss. Reductions in stoma-
tal conductance or leaf area might have helped
reduce water losses (Woodward 1993). Polley
et al. (1993) demonstrated increases in A/g in
growth-chamber experiments in which CO2
was varied from subambient (180 ppmv) to
double (700 ppmv) present CO2 levels. Among
herbarium species, A/g increased in P. edulis
over the full period of record. For the other
species, patterns were less pronounced, but P.
flexilis and J. scopulorum exhibited increasing
A/g (≈Ca–Ci) since 1950–1960. A previous study
with ancient P. flexilis leaves (Van de Water et
al. 1994), however, found that both Ci and
Ca–Ci increased during deglaciation as atmos-
pheric CO2 increased ca 80 ppmv. A tree-ring
δ13C study with other modern conifers by
Marshall and Monserud (1996) showed that

Ca–Ci remained constant for Douglas fir, pon- 
derosa pine, and western white pine as both
Ci and the Ci/Ca ratio increased with rising
CO2. The recent work of Feng (1998) for sev-
eral western conifer species showed most
exhibited increasing Ci, but Ca–Ci trends in
the 20th century were variable among species.
Feng (1999) also found a trend of increasing
water-use efficiency in these trees. Thus, a clear,
common homeostatic physiological response
for A/g does not emerge, even among conifers
alone, although influences other than CO2
changes may vary in the other studies. The
leaf studies, however, represent many differ-
ent trees, whereas the tree-ring studies ana-
lyze a few individuals through time.

Comparing overall A/g results for the 5 C3
species, it is possible to identify differences
among gymnosperms and angiosperms. In this
study P. edulis has the highest average A/g
compared to the other C3 plants. This is con-
sistent with an observed link of high A/g with
plants that rely heavily on summer precipita-
tion, a less stable source of water (Flanagan et
al. 1992). Juniperus scopulorum and Q. tur-
binella have the lowest average A/g; J. scopulo-
rum grows in more mesic environments (more
moisture at the higher elevations), which may
contribute to its lower A/g, and Q. turbinella,
as an angiosperm, characteristically has lower
δ13C (and lower A/g by inference) than gym-
nosperms. In addition, it has been observed
that plants with access to groundwater tend to
have a lower A/g than plants using a more
unstable source of water like summer precipi-
tation in the Southwest (Flanagan et al. 1992).

CONCLUSIONS

There was high isotopic variability in the
herbarium leaf samples. Analysis of a single C4
Atriplex plant leaf is inadequate to serve as a
proxy for atmospheric δ13C at any point in
time, but analysis of many leaf samples of the
same age will more accurately represent
δ13Cair, especially if more environmental vari-
ables are held uniform, i.e., light, salinity, etc.
Application of C4 proxy δ13Cair results to pre-
historic C3 plant δ13C would greatly benefit
calculation of their ecophysiological parame-
ters. The herbarium results suggest A. confer-
tifolia better tracks atmospheric δ13Cair than
does A. canescens, although the scatter for A.
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canescens seems to be lower where the values
best track the atmospheric δ13C prior to ca
1968 A.D. Among C3 species, strategies for
maximizing photosynthesis and minimizing
water loss appear to be species specific. Over
the past 100–150 years, only P. flexilis and J.
scopulorum exhibited increasing A/g, while A/g
for E. viridis, J. scopulorum, and Q. turbinella
remained nearly constant.

Previous herbarium studies often present
decadal or multidecadal averages, in some
cases averaging across species; e.g., Peñuelas
and Azcón-Bieto (1992) displayed only 4 data
points for the last 240 years, each point repre-
senting a pooling of all the C3 species ana-
lyzed in the study. It may be difficult to make
appropriate conclusions when many species
are averaged together from various sites. Even
where the species can be held constant, inher-
ent variability in herbarium data may make it
difficult to detect and explain trends.

Intra-tree and intra-site variability in tree
rings is much smaller than the variability ob-
served in these herbarium samples, which
may offer an advantage for some studies. An
inherent problem with herbarium specimens
is that they represent a single plant for which
the year of collection is known exactly, but the
exact year in which the leaves were produced
is generally not. As a result, it is unlikely that
it represents variability across populations. In
fossil deposits, like packrat middens, a popula-
tion of leaves from a single species probably
represents several individual plants across
decades (Van de Water et al. 1994). Midden
leaves probably integrate spatially and tempo-
rally, whereas each herbarium sheet repre-
sents a single individual. It is clear that
herbarium studies may provide some relevant
information on gas-exchange properties in
plants, such as dramatic increase in A/g of P.
edulis. However, caution is required in inter-
preting previous and future isotopic measure-
ments and physiological calculations made
with herbarium specimens.
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