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Abstract Expression of crassulacean acid metabolism

(CAM) is characterized by extreme variability within and

between taxa and its sensitivity to environmental variation.

In this study, we determined seasonal fluctuations in CAM

photosynthesis with measurements of nocturnal tissue

acidification and carbon isotopic composition (d13C) of

bulk tissue and extracted sugars in three plant communities

along a precipitation gradient (500, 700, and 1,000 mm

year-1) on the Yucatan Peninsula. We also related the

degree of CAM to light habitat and relative abundance of

species in the three sites. For all species, the greatest tissue

acid accumulation occurred during the rainy season. In the

500 mm site, tissue acidification was greater for the species

growing at 30% of daily total photon flux density (PFD)

than species growing at 80% PFD. Whereas in the two

wetter sites, the species growing at 80% total PFD had

greater tissue acidification. All species had values of bulk

tissue d13C less negative than -20%, indicating strong

CAM activity. The bulk tissue d13C values in plants from

the 500 mm site were 2% less negative than in plants

from the wetter sites, and the only species growing in the

three communities, Acanthocereus tetragonus (Cactaceae),

showed a significant negative relationship between both bulk

tissue and sugar d13C values and annual rainfall, consistent

with greater CO2 assimilation through the CAM pathway

with decreasing water availability. Overall, variation in the

use of CAM photosynthesis was related to water and light

availability and CAM appeared to be more ecologically

important in the tropical dry forests than in the coastal dune.

Keywords CAM � Carbon stable isotopes �
Rainfall gradient � Tissue acidity � Yucatan

Introduction

Crassulacean acid metabolism (CAM) is characterized by a

nocturnal CO2 uptake by the enzyme phosphoenolpyruvate

carboxylase (PEPc), which represents phase I within the

four phases of CAM as defined by Osmond (1978). This

nocturnal uptake of CO2 via PEPc forms C4 acids, which are

decarboxylated during the daytime and generate an elevated

intercellular CO2 concentration when stomata are closed

(phase III). Between these two phases, there are transitional

periods of net CO2 uptake at the beginning (phase II) and at

end (phase IV) of the day, when both PEPc and RUBISCO

can contribute to CO2 assimilation (Lüttge 1987; Cushman

2001; Dodd et al. 2002). Environmental factors such as light

intensity, relative humidity, nocturnal temperature, and

water availability affect the proportion of CO2 uptake at

night via PEPc or directly during the day via RUBISCO

(Griffiths 1992; Cushman and Borland 2002; Taybi et al.

2002; Jian-Ying et al. 2005).
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The nocturnal CO2 uptake mechanism found among

CAM species generally improves water-use efficiency

because of reduced transpiration rate during the night

(Cushman and Borland 2002). One hallmark of CAM

plants is the remarkable flexibility of the basic metabolic

framework described above, which varies in terms of the

proportion of CO2 assimilated through the CAM and C3

pathways, among taxa, and in response to environmental

conditions (Holtum and Winter 1999; Holtum 2002; Taybi

et al. 2002; Cushman and Borland 2002; Dodd et al. 2002;

Winter and Holtum 2007; Winter et al. 2008), and may

confer an ecological advantage for surviving in habitats

with seasonal variation in resource availability (Griffiths

1992; Cushman and Borland 2002; Lüttge 2004). There-

fore, CAM plants are likely to vary in the balance of CO2

assimilation by RUBISCO versus PEPc along environ-

mental gradients, and such variation may provide some

advantage over other species within the community.

Investigations of carbon isotopic composition (d13C) can

yield information regarding long-term and daily changes in

the proportion of CO2 fixed during the night or day

(Griffiths 1992). The 13C/12C ratio is an indicator of these

changes in the assimilation of CO2 because the enzyme

responsible for net CO2 uptake in the dark, PEPc, dis-

criminates less against 13C than RUBISCO, the enzyme

responsible for most net CO2 uptake during the day. The

changes in d13C in CAM plants thus depend on: (1) the

contribution of CO2 fixed directly by RUBISCO in the light

(Phase II and IV); (2) the proportion of respiratory CO2

fixed during phase I in the dark by PEPc; and (3) the extent

of leakage during the decarboxylation (phase III), allowing

RUBISCO discrimination to be expressed (Griffiths et al.

1990, 2007; Griffiths 1992). CAM plants with CO2 uptake

almost exclusively at night would, thus, be expected to

show d13C values around -11%, whereas if all the CO2 is

fixed directly by RUBISCO the values of d13C would be

approximately -27% (O’Leary 1988). A shortcoming of

using whole-tissue carbon isotope surveys to obtain an

integrated value of the contribution of dark and light CO2

fixation to the total carbon gain is that, in the absence of

measurements of acidity or CO2 exchange, it is unclear

where C3 ends and CAM begins. Species with values of

d13C characteristic of C3 plants have been reported to

obtain up to one-third of their carbon through CAM

activity (Winter and Holtum 2002; Silvera et al. 2005;

Griffiths et al. 2007).

Many studies document a wide range in the magnitude of

CAM expression that can be induced by water limitation,

high temperatures, and high light availability in different

species (Kluge et al. 2001; Winter and Holtum 2002,

2005; Pierce et al. 2002; Holtum et al. 2004; Winter et al.

2005; Griffiths et al. 2007; Herrera 2009; Silvera et al.

2009; Vargas-Soto et al. 2009). Moreover, ecophysiological

surveys are a powerful tool to obtain insights leading to a

better understanding of the adaptive significance of CAM

(Kluge et al. 1997, 2001). In this paper, we present a

comparative survey of CAM activity in three plant com-

munities of the Yucatan Peninsula along a gradient of water

availability. This is to our knowledge one of the few com-

parative ecophysiological investigations of CAM activity of

different species in different ecosystems. The aims of the

present study were: (1) to determine the relative ecological

importance of CAM species as a function of precipitation;

(2) to determine seasonal fluctuations in CAM photosyn-

thetic activity through nocturnal acid accumulation in plants

growing on a precipitation gradient and in different light

microenvironments; (3) to evaluate the extension and

degree of CAM activity through isotopic variation in d13C

of bulk photosynthetic tissue and sugars along a precipita-

tion gradient.

Materials and methods

Study site and species

The Yucatan Peninsula experiences a seasonally-dry trop-

ical climate and contains a north–south precipitation gra-

dient of 500–2,000 mm. A marked dry season from March

to May, when most of the trees are leafless, is separated

from the rainy season between June and October, and an

early dry season from November to February, which is

often characterized by up to 3-day events of strong winds

([80 km h-1), little rainfall (20–60 mm) and low tem-

peratures (\20�C; Orellana 1999).

This study was conducted in three sites: (1) the coastal

dune scrubland of San Benito (21�1901000N, 89�3004000W),

which receives approximately 500 mm of annual rainfall,

and has a mean annual temperature of 26�C (Orellana 1999);

(2) Dzibilchaltún, National Park (21�050N, 89�350W), a

tropical dry deciduous forest with a mean annual rainfall of

700 mm and temperature of 25.8�C (Thien et al. 1982); and

(3) Cuxtal Ecological Reserve (20�470N, 89�490W), a trop-

ical dry deciduous forest, with a mean annual rainfall of

approximately 1,000 mm, and a mean annual temperature of

25.5�C (Chnaid 1998). The sites were selected because of

high CAM species diversity and relatively little disturbance

compared to ecosystems of the northern Yucatan (Espejel

1987; Rico-Gray et al. 1988; Ceccon et al. 2002; White and

Hood 2004).

At each site, species in families with previous reports

of CAM (Winter and Smith 1996), such as Agavaceae,

Bromeliaceae, Cactaceae and Orchidaceae, were selected

for investigation. Only one epiphyte species was selected,

Myrmecophila christinae, and all other species were ter-

restrial (Table 1).
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Table 1 Seasonal tissue acidity (DH?; mmol H? m-2) of CAM species growing at 80 and 30% of total daily photon flux density (PFD) in a

coastal dune and in two tropical dry deciduous forests

Species Rainy Early dry Dry

80% PFD 30% PFD 80% PFD 30% PFD 80% PFD 30% PFD

Coastal dune (San Benito; 500 mm)

Acanthocereus tetragonus (L.)

Hummelinck (Cactaceae)

29.4 ± 47.0 a 463.2 ± 55.2 b 54.8 ± 47.0 95.6 ± 54.2 69.6 ± 42.0 88.1 ± 47.0

Agave angustifolia Haw.

(Agavaceae)

241.3 ± 47.0 a 536.4 ± 47.0 b 249.4 ± 42.0 132.3 ± 54.2 35.5 ± 48.0 38.8 ± 48.0

Myrmecophila christinae Carnevali

and Gómez-Juárez (Orchidaceae)

149.6 ± 47.0 197.1 ± 47.0 NS 65.2 ± 42.0 111.1 ± 54.2 29.7 ± 42.0 24.6 ± 42.0

Opuntia dillenii (Ker Gawl.) Haw.

(Cactaceae)

333.0 ± 54.2 a 512.6 ± 47.0 b 239.7 ± 47.0 92.5 ± 47.0 142.0 ± 42.0 183.8 ± 42.0

Selenicereus donkelaarii
(Salm-Dyck)

Britton and Rose (Cactaceae)

67.6 ± 54.2 147.9 ± 47.0 NS 42.2 ± 47.0 81.6 ± 54.2 21.8 ± 42.0 24.0 ± 42.0

Tillandsia dasyliriifolia Baker

(Bromeliaceae)

27.0 ± 54.2 59.4 ± 42.0 NS 8.2 ± 54.2 22.0 ± 54.2 19.0 ± 42.0 33.0 ± 43.0

Mean (PFD) 164.1 a 319.5 b 109.2 94.0 NS 54.6 65.7 NS

Mean (season) 242.0 ± 1.0 a 97.0 ± 6.2 b 60.2 ± 8.2 c

Tropical dry forest (Dzibilchaltún; 700 mm)

A. tetragonus 400.0 ± 50.1 354.4 ± 24.0 NS 55.2 ± 24.0 174.6 ± 23.9 157.2 ± 50.1 177.2 ± 23.9 NS

Aechmea bracteata (Sw.) Griseb.

(Bromeliaceae)
90.9 ± 6.1 86.1 ± 16.5 NS 22.3 ± 8.8 32.8 ± 16.5 45.4 ± 6.1 43.0 ± 16.5 NS

A. angustifolia 484.3 ± 46.9 a 313.3 ± 14.8 b 151.5 ± 59.2 138.6 ± 14.8 242.2 ± 46.9 a 156.7 ± 14.8 b

Bromelia karatas L. (Bromeliaceae) 80.4 ± 5.2 a 46.7 ± 8.6 b 20.8 ± 5.9 19.7 ± 8.6 40.2 ± 5.2 23.3 ± 8.6 NS

Nopalea inaperta Schott ex Griffiths

(Cactaceae)

459.0 ± 15.7 a 387.2 ± 15.6 b 120.5 ± 42.4 189.5 ± 56.6 179.7 ± 15.7 193.6 ± 56.6 NS

Pilosocereus gaumeri
(Britton and Rose)

Backeb. (Cactaceae)

602.5 ± 26.3 a 167.0 ± 26.1 b 131.3 ± 40.0 63.8 ± 26.1 301.2 ± 26.3 a 83.5 ± 26.1 b

Stenocereus eichlamii
(Britton and Rose)

Buxb (Cactaceae)

105.3 ± 33.4 77.0 ± 16.4 NS 114.2 ± 58.2 49.0 ± 16.4 52.6 ± 33.4 38.5 ± 16.4 NS

Mean (PFD) 292.0 a 200.0 b 88.0 86.1 NS 145.5 103.5 NS

Mean (season) 247.0 ± 15 a 86.2 ± 8 b 123.4 ± 8 c

Tropical dry forest

(Cuxtal; 1,000 mm)

A. tetragonus 338.4 ± 34.7 347.2 ± 25.6 NS 183.8 ± 34.7 178.5 ± 25.6 169.2 ± 45.6 173.6 ± 25.6

B. karatas 220.2 ± 3.3 a 108.2 ± 15.8 b 45.1 ± 35.7 43.8 ± 35.7 110.1 ± 21.2 54.1 ± 35.8

N. inaperta 388.4 ± 58.8 a 275.0 ± 22.1 b 135.0 ± 58.8 132.6 ± 22.1 194.2 ± 23.4 137.5 ± 32.1

Pereskiopsis scandens Britton

and Rose (Cactaceae)

468.7 ± 31.5 a 131.7 ± 9.7 b 11.9 ± 31.5 60.7 ± 9.7 273.4 ± 15.4 221.5 ± 9.7

P. gaumeri 484.6 ± 18.7 401.7 ± 26.0NS 244.3 ± 50.2 165.9 ± 9.7 196.0 ± 67.5 65.8 ± 35.3

S. eichlamii 392.2 ± 50.2 a 131.7 ± 9.7 b 106.2 ± 18.7 103.9 ± 66.0 242.8 ± 31.5 200.8 ± 66.0

Mean (PFD) 382.9 a 301.2 b 120.9 120.9 NS 189.0 150.8 NS

Mean (season) 342.0 ± 20.3 a 121.0 ± 10.3 b 170.0 ± 10.2 c

Data are mean ± SE (n = 10)

Different letters denote significant differences among seasons and between PFD levels at P \ 0.05 as determined by Tukey’s test

NS not significant
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Community structure and relative importance value

of CAM species

The point-centered quarter method was used to determine

community structure and captures the most abundant spe-

cies in a rapid and reliable way (Mueller-Dombois and

Ellenberg 1974). We used two 100-m-long transects and

selected 20 sampling points at random in each transect. At

each sampling point, four quarters were established

through a cross formed by two lines. The distance to the

midpoint of the nearest individual from the sampling point

was measured in each quarter. For each sampling point, the

species identity and the cover or dominance of the indi-

vidual were recorded. The individuals considered were

those that had a minimum height of 10 cm; Poaceae and

annual species were not considered. The relative impor-

tance value (RIV) was used to estimate the relative

importance of plant species in the three communities

defined as: RIV = Relative density ? Relative coverage ?

Relative frequency (Skeen 1972; Mueller-Dombois and

Ellenberg 1974).

Nocturnal tissue acidification

At each study site, ten individuals of each species were

randomly selected, five growing at ca. 80% of total daily

photon flux density (PFD) and five growing at ca. 30%

of total daily PFD, which was measured with gallium arse-

nide phosphide photodiodes (Hamamatsu, Bridgewater, NJ,

USA), previously calibrated against a quantum sensor

(LI190S; LI-COR, Lincoln, NE, USA) connected to a data-

logger (CR21X; Campbell Scientific, Logan, UT, USA) and

placed 5 m above the ground in a non-shaded location. The

minimal distance among individuals was 5 m.

Two samples of one leaf or stem were taken with a cork

borer (1.5 cm diameter) at dusk, and before dawn the fol-

lowing day during the rainy (15–18 October 2005), early

dry (7–10 February 2006) and dry (25–28 May 2006)

seasons. Environmental conditions at the time of sampling

were: during the rainy season, a daily average precipitation

of 27.4 mm in the three sites (15 October 2005), minimum

temperature 20�C (San Benito), maximum temperature

34�C (Dzibilchaltún and Cuxtal); during the early dry

season no rainfall during the sampling period and previous

week, minimum temperature 10�C (San Benito), maximum

temperature 32�C (Cuxtal); during the dry season little

rainfall at Cuxtal (3.5 mm) during the sampling period;

minimum temperature 22�C (San Benito); maximum tem-

perature 35�C (Cuxtal). Samples were frozen until trans-

ported to the laboratory, then boiled in 10 ml of distilled

water for 10 min, and, after adding 50 ml of distilled water,

ground with a mortar and pestle, and titrated with 0.01 N

NaOH to pH 7 (Osmond et al. 1994) measured with an

electronic pH meter (Model 744; Metrohm, Herisau,

Switzerland). Nocturnal tissue acidification (DH?) was

estimated from the hydrogen ion concentration (H?) at

dawn minus H? at dusk.

Carbon isotopic composition

During the rainy season (18 October 2005), five samples of

leaf or stem were taken from the same individuals at the

time when the predawn samples for tissue acidity were

taken. The samples were dried in an oven at 80�C for 48 h

and homogenized to a fine powder using a mortar and

pestle. Samples for carbon isotopic composition of bulk

tissue were prepared as 3-mg samples rolled in tin capsules

(Crayn et al. 2001; Pierce et al. 2002; Winter and Holtum

2002).

Whereas carbon isotopic composition (d13C) of bulk

tissue represents the time-integrated proportion of CO2

assimilated through the CAM versus C3 pathway in CAM

plants, we also measured the extractable sugar fraction,

which more closely reflects the photosynthetic discrimi-

nation against 13CO2 over the previous 1–2 days allowing

an indication of how plants are responding to environ-

mental conditions over a shorter period (Ehleringer et al.

2004; Hu et al. 2010). The sugar extraction and purification

was performed according to Brugnoli et al. (1998) and

modified as follows: approximately 50 mg of oven-dried

leaf material was mixed with 5 cm3 of distilled de-ionized

water (vortex for few seconds), and centrifuged for 20 min

at 12,000g. The supernatant was then decanted through

ion-exchange resins (Dowex 50WX8-100, 1X2, Cl--form;

Sigma–Aldrich, St. Louis, USA) to isolate the neutral

fraction (mostly sugars). After freeze-drying the samples,

0.8–2.0 mg of dried sugars were prepared in sample tins for

isotopic analysis. d13C was determined on an elemental

analyzer (ANCA-SL; PDZ Europa, Crewe, UK) interfaced

with a continuous flow isotope ratio mass spectrometer

(model 20/20; PDZ Europa) at the University of California,

Berkeley, Center for Stable Isotope Biogeochemistry

(CSIB). Long-term external precision for these analyses are

±0.22% for d13C. The abundance of 13C in each sample

was calculated relative to the abundance of 13C in internal

standards that had been calibrated against Pee Dee bel-

emnite. Relative abundance was determined using the

relationship (Ehleringer et al. 2004): d13C (%) = [(13C/12C

of sample)/(13C/12C of standard)-1] 9 1,000.

Statistical analysis

A three-way analysis of variance (ANOVA) with ‘repeated

measures’ (ANOVAR; Potvin et al. 1990; Valdez-

Hernández et al. 2010) was used to compare the tissue

acidity among light levels, seasons and species within each
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site. Differences in carbon isotopic composition among

sites and between light levels were tested using a nested

ANOVA, where the different light levels were nested

within each site, and using mean species values for bulk

tissue and sugar d13C. Means were compared with a Tukey

test and all analyses were performed using Statistica v. 7.0

(StatSoft, Tulsa, OK, USA). Linear regression was utilized

to describe the relationship of both bulk tissue and

extracted sugar d13C values for Acanthocereus tetragonus

as a function of annual rainfall.

Results

Relative importance of CAM species

In the 500 mm site (coastal dune scrubland, San Benito),

10% of species had CAM, which represented 19% of the

relative importance value (RIV) in the plant community. In

this site, one CAM species (Agave angustifolia) was 1 of

the 15 species with the highest RIV (16% RIV; Fig. 1a),

while Acanthocereus tetragonus and Opuntia dillenii con-

tributed only 3% of the RIV in the community. In both

tropical dry deciduous forest communities, 15% of species

were CAM and represented 35 and 20% of the RIV for

the 700 mm site (Dzibilchaltún) and the 1,000 mm site

(Cuxtal), respectively. Four CAM species were among the

16 species with the highest importance value in these

two communities: in the 700 mm site, these were Agave

angustifolia, Nopalea inaperta, Bromelia karatas and

Stenocereus eichlamii; whereas in the 1,000 mm site, these

were S. eichlamii, N. inaperta, B. karatas, and Pereskiopsis

scandens. Acanthocereus tetragonus was not within the

15 species with the highest RIV, but it was always

among the 24 species of most importance in both forest

communities (Fig. 1).

Nocturnal tissue acidification

Tissue acidification was significantly different among

seasons in the three sites, with the greatest values during

the rainy season (P \ 0.0001 for the three sites; Table 1).

In the 500 mm site, the lowest tissue acidification values

were during the dry season, and in both wetter sites, the

lowest values were during the early dry season. During the

rainy season, tissue acidification was significantly different

for plants growing in the two light microclimates in the

three communities (P \ 0.0001 for the 500 mm site, and

P \ 0.05 for the 700 mm and the 1,000 mm sites,

respectively; Table 1). At the 500 mm site, plants growing

at 30% of total daily ambient PFD showed higher acidity

values than those growing at 80% of total PFD

(P \ 0.0001; Table 1). In both forest communities, tissue

acidification during the rainy season was greater for plants

growing at 80% PFD than plants growing at 30% PFD

(P = 0.020 and P = 0.047, for the 700 and 1,000 mm

sites, respectively).

Carbon isotopic composition of bulk tissue fractions

All plants in all sites showed bulk tissue leaf d13C values

typical of strong CAM, less negative than -20% (Fig. 2),

with the least negative bulk tissue d13C values (-11 to

-15%) in the 500 mm site (Fig. 2a) and the most negative

values (-12 to -19%) in the 1,000 mm site (Fig. 2c).

Plants growing in the 500 mm site were more enriched in
13C (P \ 0.05), with mean d13C of bulk tissue approxi-

mately 2% less negative than plants growing in the forest
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communities. There was a significant negative relationship

between annual rainfall and leaf d13C values for Acanth-

ocereus tetragonus, the only species found in all three sites

(Fig. 3a). No differences in bulk tissue d13C values were

found between plants growing at 30 and 80% total daily

ambient PFD in any of the three sites (P [ 0.05).

Carbon isotopic composition of the sugar fraction

Similar to bulk tissue d13C values, in the 500 mm site,

plants had sugar d13C values 2% less negative than plants

in the other two sites (P \ 0.05). The standard deviation

from the mean of the d13C values of the sugar fraction in

each species showed that Acanthocereus tetragonus had

greater d13C variability than the rest of the species (Fig. 4).

Similar to bulk tissue, d13C values of the sugar fraction for

Acanthocereus tetragonus showed decreasing enrichment

of 13C of sugar with increasing precipitation (Fig. 3b).

Moreover, A. tetragonus was the only species that showed

significant differences in the d13C values of sugar between

the plants growing at 80 and 30% of total daily PFD in the

coastal dune scrubland; plants that had the least negative

values of d13C were those growing at 80% PFD in com-

parison with plants growing at 30% PFD (P \ 0.0001;

Fig. 5a). In the other two communities, this species did not

show differences in d13C of sugar between light microen-

vironments (P [ 0.05). Tissue acidification was signifi-

cantly different between individuals of A. tetragonus

growing at 80 and 30% of PFD in the coastal dune

scrubland (Fig. 5b); individuals with the lowest acidity

values were those growing at 80% PFD (P \ 0.0001). No

differences in tissue acidity were found between the plants

of this species growing in both light conditions in the other

two communities (P [ 0.05; Fig. 5b).

Discussion

Our data demonstrate that carbon gain by CAM plants

along this precipitation gradient was greatest in the wet
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season, indicating that seasonal water limitation has the

potential to reduce carbon gain by approximately 75% at

the relatively dry coastal dune site and by 50% in the wetter

forest sites, when comparing tissue acidification in the dry

season versus wet season. In addition, at the driest site,

plants growing at lower light had greater rates of carbon

gain, whereas in the two wetter sites, plants growing in the

higher light microhabitat had greater rates of carbon gain.

These results highlight a shift in the interaction between

light and water availability along this gradient, in which we

observed that, when water availability increases, plants were

able to increase their tissue acidification at higher PFD. In

addition, our d13C data showed greater proportional use of

the nocturnal CO2 uptake of the CAM species at the driest

site (Fig. 2). Moreover, species importance values and the

proportion of CAM species in the communities increased

from the coastal dune to the tropical dry forests, suggesting a

more favorable balance of light and water availability for

CAM performance in the wetter, forested communities.

Tissue acidity is an indirect way to measure nocturnal

CO2 uptake, including direct CO2 uptake and CO2
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produced during respiration and re-assimilation. Therefore,

an increase in tissue acidity would indicate an increase in

the CO2 uptake (Nobel 1988, 1991; Osmond et al. 1994).

Other CAM species also show an enhancement in their net

CO2 uptake and increase tissue acidity when well watered

and a reduction of these two processes when droughted

(Andrade et al. 2007, 2009). The reduction of tissue acidity

during the dry season can be caused by higher nocturnal

temperatures and greater water deficits together with higher

PFD levels than during the rainy season (Cervera et al.

2007; Andrade et al. 2009). To avoid excess transpiration

during the dry season, CAM species tend to show maximal

stomatal opening later in the night reducing the amount of

nocturnal increase of tissue acidity (Nobel 1985a, b, 1988;

Nobel et al. 1991; Andrade and Nobel 1997; Lu et al. 2003;

Cervantes et al. 2005; Cervera et al. 2007). Conversely, the

reduction of tissue acidity during the early dry season could

be caused by the reduction in the PFD (30 mol m-2 day-1)

in comparison with that of the rainy and dry seasons (35

and 40 mol m-2 day-1, respectively). Although it has been

reported that, for several desert CAM species, nocturnal

acid accumulation increases up to a total daily PFD of

about 30 mol m-2 day-1 and any reduction in PFD redu-

ces net CO2 uptake (Nobel 1988), lower water vapor

pressure deficits in our study sites than in the desert could

increase that PFD limit, allowing the plants to use more

light without losing more water.

In the 500 mm site, plants growing at 30% of the total

daily ambient PFD had greater tissue acidification than

plants growing at 80% ambient PFD (Table 1). Neverthe-

less, in both forest communities, the greatest increase in

tissue acidity was for plants growing at 80% PFD. These

differences among plants of the three sites are likely due to

differences in soil water potentials and water vapor pressure

deficits. For example, after 30 days of drought during the dry

season, soil water potential 15 cm below the surface was

-22.4 ± 2.3 MPa for a coastal dune scrubland and

-19.8 ± 1.6 MPa for a tropical dry deciduous forest

(Cervera et al. 2007). In addition, in some CAM species,

under light-saturating conditions, an increase in the photo-

synthetic capacity as a response to growth in high light

without a proportional increase in the malate supply would

predispose some plants to photoinhibition, causing drought

stress to increase the negative effects of the high radiation

(Skillman and Winter 1997). In our study, during the dry

season, most species of the coastal dune site showed the

lowest tissue acidity values (Table 1, Fig. 5) and less negative

d13C values than all other species for the two communities,

indicating stomatal closure during phases II and IV of the

CAM cycle and no contribution of RUBISCO to CO2 uptake.

CAM species that showed significant differences in the

tissue acidity growing in the two light microenvironments

also had the highest relative importance value in the three

communities. One exception was Acanthocereus tetragonus

(Fig. 1), which was the only species in the three commu-

nities with strong CAM photosynthesis and a high photo-

synthetic plasticity in the coastal dune. It has been proposed

that, given the range in the magnitude of CAM expression

that can be induced by water limitation in different species,

the ecological significance of CAM induction would depend

on its relative importance as a survival mechanism, rather

than the direct contribution to growth and productivity of the

species (Griffiths 1992; Cushman and Borland 2002; Lüttge

2004). Kluge et al. (2001) found that CAM species of

Madagascar with the highest photosynthetic plasticity were

the species most widely distributed across the island, and

thus occupied a greater variety of environments, compared

to CAM species with low photosynthetic plasticity, which

occupied a more restricted set of environments.

CAM plants in the three communities showed bulk tis-

sue d13C values typical of strong CAM (d13C values less

negative than -20%; Holtum et al. 2004; Silvera et al.

2005), but the d13C values in plants from the coastal dune

scrubland were 2% less negative than those from plants of

the forest communities (Fig. 2). The bulk tissue and sugar

d13C values for Acanthocereus tetragonus, which occurred

in the three sites, showed a significant negative relationship

with rainfall (Fig. 3). These data suggest that plants at drier

sites decreased transpiration and stomatal conductance

relative to photosynthesis, which would lead to the mea-

sured increase in d13C values. Moreover, the duration of

the phase II of CAM decreases under water stress (Griffiths

1992), which would also decrease the isotope discrimina-

tion, leading to less negative d13C values. Similar results

have been found in terrestrial plants from desert and

tropical dry forest, and for epiphytes in a tropical cloud

forest and three different secondary tropical dry forests

where the carbon isotope ratios also increased with

decreasing water availability (Ehleringer and Cooper 1988;

Mooney et al. 1989; Hietz et al. 1999; Goode et al. 2010).

It has been proposed that the flexibility of CAM pro-

vides an advantage for acquisition of ecological niches

(Lüttge 2004; Herrera 2009). In the present study, although

all the species investigated in the three communities

showed d13C values typical of strong CAM, one species,

A. tetragonus, which inhabited all three communities,

showed the highest variability in d13C values (Fig. 4).

Members of the family Cactaceae have been considered as

constitutive or obligate CAM species even at their early

stages (Hernández-González and Briones-Villarreal 2007);

although some studies suggest that the contribution of

CAM to total carbon gain is small during the first devel-

opmental stages (Nobel 1988; Winter et al. 2008). The high

variability of the strong CAM species, A. tetragonus,

suggests that some cacti are able to respond to changes in

the environment and inhabit more environments than other

878 Oecologia (2010) 164:871–880
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cacti. More detailed field and laboratory studies on

different life stages of these strong CAM plants would be

required to fully understand their ecological role in these

tropical plant communities.
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crasuláceas: diversidad, fisiologı́a ambiental y productividad.

Bol Soc Bot Mex 81:37–50

Andrade JL, Cervera JC, Graham EA (2009) Microenvironments,

water relations, and productivity of CAM plants. In: De la

Barrera E, Smith WK (eds) Perspectives in biophysical plant

ecophysiology. A tribute to Park S. Nobel. Universidad Nacional

Autónoma de México, Mexico
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