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Abstract. Carbon isotope ratios were measured on
leaves of the dominant species within a tropical
dry forest in Mexico, which was characterized as
being strongly drought deciduous. A variety of
succulent epiphytes from diverse microsites had
carbon isotope ratios indicating obligate crassu-
lacean acid metabolism. All woody species
examined had isotope ratios indicative of the C;
photosynthetic pathway, although there was a
wide range of isotopic values. Two of the woody
species that retained leaves during the dry season
showed a large variation in carbon isotope ratios
(up to 6%.) that was dependent on microsite
location.
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Introduction

Carbon isotope ratios (3*3C) at natural abundance
levels have frequently been used as a means for
determining the photosynthetic pathway used by a
species. C, photosynthetic pathway plants have
3'3C values in the range of —9 to —14%. as do
drought-adapted succulent plants with obligate
crassulacean acid metabolism (CAM); facultative
CAM plants have carbon isotope ratios between
—14 and —20%. (Mooney, Troughton & Berry,
1974; Troughton, 1979). C; plants typically have
carbon isotope ratios between —22 and —32%.
(Troughton, 1979). More recently, Farquhar,
O’Leary & Berry (1982b) have extended our under-
standing of carbon isotope ratios in plants and
have developed a model which indicates that leaf
carbon isotope ratios in C; plants are a reliable
long-term measure of intercellular carbon dioxide

levels. There is now substantial evidence in sup-
port of this model from a broad diversity of species
(Farquhar et al., 1982a; Farquhar & Richards, 1984;
Ehleringer et al., 1985; Seemann & Critchley, 1985;
Farquhar et al., 1988).

As an ecological application of this model,
carbon isotope ratios provide an indication of
plant water-use-efficiency for C; species. This
follows because under steady state conditions,
photosynthesis (A) and transpiration (E) are both
dependent on leaf conductance (g):

E=Awg Equation1

A=(cqci)g/16 Equation 2

where ¢, is the ambient carbon dioxide concentra-
tion (assumed to be 340wl 17), ¢;is the intercellu-
lar carbon dioxide concentration, Aw is the leaf to
air water vapour concentration gradient and 1-6 is
the ratio of the diffusion coefficients of water to
carbon dioxide in air.

Since stomata govern the rates at which carbon
dioxide and water vapour diffuse into and out of a
leaf, the relative differences in water-use-
efficiency (ratio of photosynthesis to transpir-
ation, A/E) of different species or of plants within
different microhabitats can be calculated from

A/E = (c~c;)/(1-6-Aw) Equation 3

A fraction of the carbon fixed will be lost through
respiration (0), and therefore we expect the long-
term water-use-efficiency (W), often referred to
also as the transpiration efficieny, to be

W=(1-0)(csc;)/(1-6-Aw) Equation 4

In many ecological or community-level com-
parisons, it is reasonable as a first approximation
to assume that leaf temperatures and therefore Aw
values are similar among species. Therefore, with
long-term estimates of c; obtained by carbon iso-
tope ratio analysis, we also have a direct relative
measure of long-term leaf water-use-efficiency.
8"3C values reflect not only the water economy
of individual plants but also, when values are
viewed collectively for a local flora, the aridity of a
given locality (Mooney, Troughton & Berry, 1974:
Smith, Griffiths & Liittge, 1986; Eickmeier &
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Bender, 1976; Winter & Troughton, 1978; Ehler-
inger & Cooper, 1988). For example, a photo-
synthetic pathway shift occurs in Trinidad from
predominantly C; epiphytic bromeliads at high
rainfall regimes (>2:5m annually) to predomin-
antly CAM epiphytes in lower rainfall regions
(Smith, Griffiths & Liittge, 1986). On a more subtle
scale, Ehleringer & Cooper (1988) have shown that
313C in C; desert plants at both the single-species
and community levels increased as soil moisture
levels decreased.

In this study, we have (1) examined the photo-
synthetic pathway types of dominant species
within a seasonally dry tropical rain forest site in
western Mexico and (2) correlated patterns of C;
water-use-efficiency to habitat and life form.

Materials and methods

We examined 51 species from the flora of a tropical
dry forest in western Mexico (Lott, 1985; Lott,
Bullock & Solis Magallanes, 1987). This site, the
Estacion de Biologia Chamela of the Universidad
Nacional Autonoma de Mexico, is located on the
Pacific coast in the state of Jalisco (10°30'N,
105°03’'W). Mean annual rainfall is 748 mm and
falls principally between the months of July and
October (Bullock, 1986). The dominant growth
form of the vegetation is a drought deciduous tree.
However, the vegetation is also rich in both
epiphytes and vines.

Leaf material from all of the succulents were
collected during the dry season (March), as were
leaves of two tree species that produce new leaves
early in the dry season (‘dry-season green’), Forch-
hammeria and Jacquinia. The former is deciduous
for a brief period at the end of the wet season;
Jacquinia is leafless throughout the wet season.
Leaves of the tree species that produce leaves early
in the wet season (‘wet-season green’) were col-
lected in October.

Samples of epiphytic succulents were collected
from different portions in the forest canopy as
were samples of tissue of columnar emergent cacti.
Some ground-dwelling succulents, as indicated in
the results, were collected from both understorey
and fully exposed habitats. Leaves of individuals
of some of the wet-season green trees were col-
lected from a mesic site in a canyon bottom,
whereas others of the same species were collected
from ridge tops.

Long-term estimates of the intercellular carbon
dioxide concentration (c;) were calculated by

rearranging the equations originally developed by
Farquhar et al. (1982b) as

¢; = g ([8"3Caiy—8"3Cieasl/[b—a]-a[b—a]) Equation5

where 8'3C,;, and 8'3Cy.s are the carbon isotope
ratios of the air (—7-8%0) and leaf, respectively, a
is the discrimination associated with the slower
diffusion rate of 3CO, (a = 4-4%.) and b is the
net discrimination against *CO, associated with
RuBP carboxylase (b = 27).

Carbon isotope ratios were determined on
bulked samples. The sample was dried, ground to
40 mesh and then sub-sampled. Carbon isotope
ratios were determined on carbon dioxide col-
lected from combusted samples using a Finnigan
MAT delta E isotope ratio mass spectrometer.
Carbon isotope ratios are expressed relative to the
PDB standard using the equation:

8"3C = (Rsample/ Rstandara ™ *)-1000 Equation 6

where 8'°C is the carbon isotope ratio of the
sample in parts per ml (%o), Rsample and Rstandard
are the '3C/*?C ratios of sample and standard,
respectively. The precision of each isotopic
measurement is 0-02 %o and repeatability of each
sample was +0-08 %o.

Results and discussion

All of the succulent bromeliads, orchids, agaves
and cacti species at Chamela had carbon isotope
values indicating they were obligate CAM
(S£—15%0) (Table 1). In contrast, the succulent
vines, trees and shrubs, which in total represented
18 families, were all C;. Calculated intercellular
CO, values in C; plants were highest in wet-season
green trees, intermediate in dry-season green trees
and lowest in the evergreen-leaved trees. Water-
use-efficiencies would follow the opposite
pattern, with the evergreen-leaved plants having
the highest water-use-efficiencies. There were no
C, perennials.

The effect of microhabitat on carbon isotope
ratios for CAM plants was examined under both
lower versus upper canopy positions and sun
versus shade conditions. No differences were
noted in the carbon isotope ratios of epiphytes
growing on lower stems versus the upper canopy
(~6m) of trees, nor in tissues from the base as
contrasted with the top of emergent cacti (~5m)
(Table 2). Additionally, leaf carbon isotope ratios
of CAM plants did not change between sun and
shade habitats (Table 3). In a similar situation,
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Medina & Minchin (1980) had noted differences in
the leaf carbon isotope ratios of C; epiphytes and
supporting trees with canopy position in a tropical
forest in Venezuela. They assumed that these
differences in carbon isotope ratio arose primarily
because of source differences in the atmosphere
CO, (lower canopy CO, being heavier in *3C
because of decomposition processes). Ehleringer
et al. (1985) and Francey et al. (1985) provided
data suggesting that changes in carbon isotope
ratio with canopy position were more likely the
result of changes in leaf intercellular CO, levels.
Data from CAM plants at the Chamela site, which
is substantially drier and more open than the
tropical forests studied by Medina & Minchin
(1980), are supportive of the notion that leaf $*3C

values are determined primarily by physiological
processes and that any potential CO, source effects
on leaf isotope values are small.

Leaf carbon isotope ratios of the C; woody plants

-‘were dependent on microsite position. Plants from

dry ridge top sites averaged higher carbon isotope
ratios by 1-6%. than plants from mesic arroyos
(Table 4). Of these species, the dry-season green
trees (Forchhammeria and Jacquinia) had sub-
stantially higher 8'3C values at the dry site, indi-
cating a higher water-use-efficiency. Ehleringer &
Cooper (1988) had noted a similar pattern with
Sonoran Desert shrubs, with §'3C values increas-
ing by 2-4%. in going from relatively wetter
wash sites to the drier slopes.

The carbon isotope ratios of the succulent

Table 1. Leaf 8'3C isotope ratios (%o) of plant species at Chamela, Mexico. Authorities for taxonomy are given by Lott

(1985).
Growth form Range Sample size
I. Succulents
A. Bromeliacaea
Aechmea bracteata —15-4 1
Billbergia mexicana —14-1to —15-3 3
Bromelia palmeri —12:7 to —13-2 2
B. plumieri —12:9to —15-1 3
Hechtia sp. —13-8to —14-4 2
Tillandsia circinnata -11-6 to —13-0 4
Tillandsia diguetii —14-2 1
Tillandsia fasciculata —12:0 to —14-2 4
Tillandsia ionantha —11-5 to —14-7 6
Tillandsia makoyana —10-4 to —15-3 11
Tillandsia setacea -10-9to —11-4 2
Tillandsia usneoides -13-9 1
B. Orchidaceae
Erycina echinata -11-9 1
Campylocentrum sp. —11-4to —14-4 3
Myrmecophila chinodora -11-2 to —12-2 2
Oncidum sp. —14-8 1
C. Agavaceae
Agave angustifolia —12-2 to —13-1 3
Agave colimana —13:6 2
D. Cactaceae
Acanthocereus occidentalis —13-1to —13-2 3
Cephalocereus purpusii -11-7 to —13-7 3
Mammilaria sp. —12-2 1
Nopalea karwinksiana —11-9 to —14-0 2
Opuntia excelsa -12-5to —13:7 8
Opuntia puberula -11-9 to —12-9 8
Pachycereus pecten-aboriginum -11-5to —13-0 3
Peniocereus cuixmalensis —13-3 to —14-9 4
Peniocereus rosei —12-3 1
Selenicereus vagans -13-0 1
Stenocereus chrysocarpus —13-3to —15'5 3
E. Vines
Cissus sicyoides —24-7 to —26'5 2
Philodendron warscewiczii —24-3to —276 6
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et al. II. Trees and shrubs*
Acacia angustissima w —26-9 1
Apoplanesia paniculata w —27-3 1
Bursera instabilis w —26-8 1
Caesalpinia coriaria w —26-9 1
Caesalpina sclerocarpa w —26'5 1
Capparis indica w —26-4to —28'6 7
Capsicum annuum w —28:7 1
Casearia corymbosa w —28-1 1
Chlorophora tinctoria w —26'7 1
Citharexylum sp. w —24-8 1
Coccoloba liebmannii d —24-8to —28-8 5
Colubrina triflora w —27+6 1
Cordia alliodora w —27-0 to —30-0 6
Croton pseudoniveus w —27-3to —28-8 6
Erythroxylum havanense w —27-0 1
Forchhammeria pallida e —21-9to —26-2 3
Hamelia versicolor w —27-4 1
Jacquinia pungens d —22-4to —289 8
Stemmadenia sp. w —28-8 1
Thevetia ovata w —276 1
III. Summary
A. Succulents
Vines —24-3to —276 2
Orchids —11-2to —14-8 4
Bromeliads —10-4 to —15-4 12
Cactus —11-5to —15'5 11
Agaves —12-2to —13-1 2
B. Trees and shrubs
Wet season green —24-8 to —300 17
Dry season green —22-4to —289 2
Evergreen —21-9to —26-2 1

*w = wet season green tree or shrub, d = dry season green tree or shrub and e = evergreen tree or shrub.

Table 2. Leaf 3*°C isotope ratios (%o) of epiphytic and non-epiphytic CAM species occurring in different canopy
positions at Chamela, Mexico.

Lower canopy Upper canopy
Non-epiphytic
Opuntia excelsa -12-8, —13-0 -12-5, —13-3
Pachycereus pecten-aboriginum -11-5 -13-0
Epiphytic
Tillandsia circinnata -11-6 -11-9, —12-8
Tillandsia makoyana -126 -12-1. =126

Table 3. Leaf carbon isotope ratios (%.) of CAM plants in sun and shade microsites at Chamela, Mexico.

Shade Sun
Bromelia plumieri —14-6, —15-1 -12-9
Opuntia puberula —12-4, —12'5, —12-9 -12-9

Stenocereus chrysocarpus -13'5 -12-3
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Table 4. Leaf carbon isotope ratios (%.) of C; species in

«

Chamela, Mexico. Data are means + 1SD.

microhabitats differing in soil moisture availability at

Arroyo Ridge
Capparis indica w* —284+ 02 —27:2+ 07
Cordia alliodora w* —-296+ 07 -27:7 £ 09
Croton pseudoniveus w* —28-1+ 06 —27-9+£0-8
Forchhammeria pallida e* —25-3, —26-2 -219
Jacquinia pungens d*
October —26:3+ 1-0 —24-2 £ 05
March —28-9 —22-4

*w = wet season green tree or shrub, d = dry season green tree or shrub and e = evergreen tree or shrub.

bromeliads of Chamela can be contrasted with
those of Trinidad. At Trinidad both C; and CAM
bromelids occur. At rainfall amounts below
2000mm only CAM species are found (Smith et
al., 1986). At Chamela, where rainfall has not
reached 1000mm in at least 10yr, all of the
bromeliads were CAM. Smith et al. (1986) found
little variation in the carbon isotope ratio of a given
species of bromeliad within Trinidad. Similarly, at
Chamela little variation was found in the isotope
ratios of epiphytic bromeliads (Tillandsia spp.) by
microsite, although there was perhaps some minor
microsite variation in the ground-dwelling Brome-
lia plumieri (E. Morren) L. B. Smith. It is of note
though that of the few species in common between
Chamela and Trinidad, those of Chamela had
higher carbon isotope ratios. Smith et al. (1986)
report —18:6 * 0-8%. for Bromelia plumieri. At
Chamela, values for this same species ranged from
—12:9 to —15:1%o. Tillandsia usneoides (L.) L. at
Trinidad is reported at —19-8%.; we measured a
value for Chamela plants of —13.9%.. Tillandsia
fasciculata Sw. was reported by Smith et al. to be
—14-1%o at Trinidad. At Chamela, values of —12-0
to —14-2 %. were measured.

It appears that those species dependent on
atmospheric water sources at Chamela are less
affected by microsite than those depending on soil
moisture. These epiphytes operate with obligate
CAM photosynthesis and do not appear to utilize
C; photosynthesis for carbon gain even during the
rainy season. The most striking variation found
was among the dry-season green trees (Forchham-
meria and Jacquinia). When growing at dry micro-
sites, these species evidently restrict their stomatal
conductance to a sufficient degree that intercellu-
lar CO, levels are reduced by as much as 90l 17*
between wet and dry seasons. The observed
carbon isotope ratio difference of up to —6%.
between wet and dry site plants is greater than that

found by Farquhar et al. (1982b) for two mangrove
species grown under a wide range of salinity
conditions, by Ehleringer et al. (1986) for plants
growing under different irradiance conditions, or
by Ehleringer & Cooper (1988) for desert plants
growing under contrasting soil moisture avail-
ability.
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