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The objective of this work was to evaluate the effects of seasonal variation in temperature,
irradiation and soil moisture content on the photosynthetic rates of Opuntia ficus-indica and
Stenocereus queretaroensis. The lowest values of positive daily net CO, uptake were recorded
during the summer rainy season and the highest values during autumn and winter. These highest
values were likely the result of a prolonged period of CO, assimilation caused by decreased
cloudiness, and high rates of nocturnal CO, assimilation due to moderate day/night air
temperatures. In spring, when drought was exacerbated, daily net CO, uptake was negative for
both O. ficus-indica and §. queretaroens.is . Stem photosynthesis allowed both O. ficus-indica
and S. queretaroensis to obtain carbon during the fall and winter, when the soil water was

lowest.

Key words: Opuntia; Stenocereus; air temperature; drought; gas exchange; phenology:

photosynthetic photon flux; stress

Introduction

Cactus pear (Opuntia spp.) and pitayo (Stenocereus spp.) are fruit crops used for subsistence
agriculture in Mexico (Pimienta, 1994; Pimienta-Barrios & Nobel, 1994). Cactus pear is also
cultivated worldwide on just over 1,000,000 ha (Nobel, 1994, 1999), mostly for forage and
fodder. In Mexico, it is an important fruit crop in semiarid temperate lands, where it has been
cultivated for centuries and now occupies about 60,000 ha (Nobel, 1994; Flores, 1995). In
contrast, pitayo is a relatively recent fruit crop, and cultivation of S. queretaroensis is restricted
to the Sayula Basin in Jalisco, Mexico, on an area of about 1,000 ha (Pimienta & Tomas, 1993).
In other regions of central and southern Mexico, fresh fruits of other pitayos are harvested from
plantations, backyards of rural homes, and wild populations (Pimienta-Barrios & Nobel, 1994).

Cactus pear evolved in a semiarid temperate environment with relatively cool nights and
moderate daytime temperatures (Pimienta, 1990, 1994). In contrast, pitayo evolved in a
subtropical environment with warm nights and high daytime temperatures (Pimienta er a/.,
1998). Although differences occur in the day/night air temperatures in the main localities where

cactus pear and pitayo are cultivated, large variations in soil water availability and long drought




periods occur where both are native (Gibson & Nobel, 1986; Pimienta-Baitios & Nobel, 1994).
For instance, the dry season can be 6 to 8 months long and is interrupted by rains during the
summer season. This study examined the influence of seasonal variations in day/night air
temperatures, soil moisture content, and photon flux density on the daily patterns of gas
exchange for both O. ficus-indica and . queretaroensis in a region where the latter is native, We
tested the hypothesis that environmental conditions in the study site adversely affect the
photosynthetic activity of O. ficus-indica relative to S. queretaroensis because of the relatively

warm day/night air temperatures.
Materials and methods"

The study was conducted from July 1997 to May 1998 at a commercial plantation in Techaluta,
Jalisco, Mexico, in the Sayula Basin of southern Jalisco at 20° 5 North latitude, 103° 32' West
longitude, and 1,380 m above sea level. The Sayula Basin, where pitayo [Stenocereus
queretaroensis (Weber) Buxbaum] occurs in the wild and also is extensively cultivated, has
average daily extreme temperatures that range from 10 °C to 34 °C, with an annual average of 22
°C. The average annual rainfall is nearly 700 mm, most of which occurs in the summer (Pimienta
& Nobel, 1994). Pitayo de Queretaro (S. queretaroensis) is an arborescent cactus growing up to 8
m in height with a well-defined short trunk and numerous, mostly vertical branches.
Thirty-year-old plants of the most cultivated variety, Mamey, were used in this study.

Opuntia ficus-indica (L.) Miller var. Pelon-Liso is a variety of cactus pear introduced into the
Sayula Basin from the semiarid temperate highlands of San Luis Potosi, Mexico. where it is
cultivated as a fruit crop. Cuttings planted in Techaluta in 1990 were collected at about 23° 05
North, 102° 32" West, and 2,000 to 2,200 m above sea level. The collection site has about 400
mm of precipitation in summer, winter rains occur in some years, and the average annual
temperature is 17 °C (Pimienta, 1994). O. ficus-indica is an arborescent, 2-3 m tall cactus, with a

poorly defined trunk, wide crown, and flat obovate segments (cladodes).



Times of initiation and termination of the main vegetative and reproductive phenophases (stem
elongation, flowering and fruit development, and new root growth) new root formtation) were
determined monthly for six mature plants of O. ficus-indica and six mature plants of S.
queretaroensis. The times of initiation and termination of stem elongation, flowering and fruit
development were determined from monthly observations, and root formation was determined
by careful excavations of the rhizosphere in order to distinguish between ex.isting roots and new
ones. Daily maximum and minimum air temperatures and rainfall were obtained from an official
weather station maintained by the Comision Nacional del Agua, Delegacion Jalisco, at Atoyac
(20° 1' North, 103° 32' West, 1,373 m above sea level). The photosynthetic photon flux (PPF;
wavelengths of 400-700 nm) for each measurement time was measured from approximately 2 h
after sunrise to 2 h before sunset with a Li-Cor 190S quantum sensor (Li-Cor, Lincoln, NE.). For
each measurement time, soil water content was determined for 10 soil samples from the center
of the root zone (a depth of 15 ¢m). Soils were dried at 80 °C until no further mass change
occurred (generally within 72 h); data are expressed as percent water content (fresh mass - dry
mass)/dry mass (Torres, 1984).

Net CO, uptake, stomatal conductance, and intercellular CO, mole fraction for O. ficus-indica
and S. queretaroensis were measured every 2 h over 24-h periods during 25-26 July 1997, 7-8
November 1997, 17-18 December 1997, 12-13 February 1998, and 9-10 May 1998 with a Li-Cor
LI-6200 portable photosynthesis system. ‘ A Li-Cor 250-cm’ leaf chamber was modified by
replacing the distal half-cylinder with a narrowed opening (1 cm % 3 cm) that was lined with a

foam-rubber gasket, which was firmly pressed against east-facing stems during measurement..

Results
Flower development for O. ficus-indica started in early March and ended in late April; fruit
development lasted from mid April to late August (Fig. 1a). Its stem growth occurred from April
through July. Flowering for S. queretaroensis started in early February and ended in early April;
fruit development lasted from early March until late May (Fig. 1b). Its stem extension occurred
from mid September through December. For both species, the differentiation and growth of fine

roots coincided with the summer rainy season, July through September (Fig.1).



Monthly means of daily air temperature extremes at Techaluta, Jalisco, varied from 8 10 15 °C
at night and from 27 to 35 °C during the daytime (Fig. 2a). The warmest months were April and
May, just before the rainy season. The lowest average day/night air temperatures during the 24-h
periods of gas exchange measurement were in December (26/16 °C) and February (29/15 °C)
The highest were in November (32/24 °C) and May (36/23 °C), and July was intermediate
(30/17°C). Total rainfall in the study year under was 447 mm, 75% occurring from June to
September (Fig. 2b). Soil water content ranged from 2% in May to 41% in July (Fig. 2¢) and was
over 30% from June through October. Photosynthetic photon flux (PPF) was lowest during the
summer rainy season, increased gradually during autumn and winter and reached its highest ‘
values in spring (Fig. 2d). Photosynthetic photon flux averaged 1,050 umol m™ s from early
moming to late aftemoon. With the exception of May 199é, net CO, uptake patterns for O.
Sficus-indica (Fig. 3) and S. queretaroensis (Fig. 4) were typical of CAM plants. Most
assimilation occurred at night, and the highest rates were near midnight. Diumal assimilation was
observed for O. ﬁéus-{ndica in the early moming in July 1997, in the late afternoon in Novémber
1997 and December 1997, and at both times in February 1998 (Fig. 3a-d). For S. queretaroensis,
diurnal assimilation was observed mainly in the early morning (Fig. 4a-d). In May 1998 the
instantaneous rates of net CO, uptake were mainly negative for both species (Figs. 3e and 4e).

Total daily net CO, uptake obtained by integrating the instantaneous rates over 24-h periods
was about 270 mmol m? d”' for O. ficus-indica and S. queretaroensis in July 1997 (Table 1).
Values increased for both species in November, became highest in December 1997, decreased in
February 1998, and became negative in May. The highest total daily net CO, uptake in
December 1997 for O. ficus-indica (618 mmol m” d"') and S. gueretaroensis (767 mmol m? d"')
were due both to prolonged periods of assimilation (19 and 21 h, respectively) and to the highest
maximal instantaneous rates (24 pumol m” s for both species; Figs. 3¢ and 4c). Averaged over
the five measurements dates, total daily net CO, uptake was 393 mmol m~ d"' for O. ficus-indica
and 367 mmol m™* d" for S, queretaroensis (Table 1), which correspond to annual CO. uptake
values of 144 mol m™ and 134 mol m?, respectively. Total daily net CO, uptake in December
1997 for O. ficus-indica was statistically similar to November 1997 and February 1998, but those
months were statistically higher than July 1997 and May 1998. On the other hand, in S.



queretaroensis December was statistically higher than the rest of the months; November 1997

and February 1998 were statistically similar, but higher than July 1997 and May 1998 (Table 1).

‘The average nighttime stomatal conductance decreased gradually from July 1997 to February
1998 for both O. ficus-indica and S. queretaroensis and then.increased in May 1998 (Table 1).
The average intercellular CO, mole fraction during the night for both O. ficus-indica and S.
queretaroensis decreased gradually from the beginning of the summer (July 1997) to the middle
of the winter (February 1998), when the values were the lowest (Table 1). The intercellular CO,

mole fraction at night substantially increased in May 1998 for both species (Table 1).

Discussion

The subtropical climate that prevails in the study site, which is the native habitat of Stenocereus
querelaroensis, was expected to affect adversely the photosynthetic activity of Opuntia
ficus-indica because the day/night air temperatures of the Sayula Basin are significantly higher
than those where the Opuntia is native. However, total daily net CO, uptake was often higher in
O. ficus-indica than in S. queretaroensis. The latter has an unusual growth phenology, as its
vegetative growth does not coincide with its reprodﬁctive growth (Pimienta er al., 1998). By
contrast, both vegetative and reproductive growth overlap at the end of winter and during spring
in O. ficus-indica (Pimienta, 1990). Sink strength cominonly affects source strength or the rate of
photosynthesis (Salisbury & Ross, 1992), but in both O. ficus-indica and S. queretaroensis, the
highest daily net CO, uptake was recorded in December, a time of year when the stem extension
had ended in S. queretaroensis and had not yet begun in O. ficus-indica.

The lowest positive daily net CO, uptake over 24 h occurred at the beginning of the rainy
season, July 1997, when plants began their recovery from the drought and PPF was reduced
because of cloudiness. Light limits photosynthesis for both O. ficus-indica and S. queretaroensis,
as net CO, uptake increases more-or-less linearly with total daily PPF up to 20 mmol m* d"
(Nobel & Hartsock, 1984; Nobel & Pimienta-Barrios, 1995). For instance. recent gas exchange
observations in the field during the summer reveal that exposed stems of S. queretaroensis (PPF
of 16 mol m™ d') have longer periods of net CO, uptake, higher maximal rates, and greater daily

net CO, uptake than do shaded stems (PPF of 3 mol m* d'; Pimienta-Barrios & Nobel, 1998).



The highest maximal instantaneous rates and highest total daily net CO, uptake for both species
occurred in December 1997, reflecting the moderate day/night air temperatures (26/16 °C) and
the increase in PPF because of reduced cloudiness. Moderate night temperatures favor PEPCase
activity and CO, uptake by CAM succulents (Hanscom & Ting, 1978; Israel & Nobel, 1995;
Kluge & Ting 1978; Nobel, 1988). In particular, the mean day/night air temperatures in
December 1997 (26/16 °C) and February 1998 (29/15 °C) were close to those optimal for net
CO, uptake by O. ficus-indica under controlled environmental conditions (25/ 15 °C; Israel &
Nobel, 1995; Nobel & Hartsock, 1984). Maximal daily net CO, uptake for S quereturoensis in
the laboratory occurs under day/night temperatures averaging 32/16 °C (Nobel &
Pimienta-Barrios, 1995).

In February 1998 total daily net CO, uptake was 15% less for O. ficus-indica and 46% less for
S. queretaroensis than in December 1997 but higher than in July and November 1997. The
reduction paralleled decreases in soil water availability and water stored in the cladodes of O.
ficus-indica and the columnar stems of S. queretaroensis but did not parallel day/night air
temperatures, which were moderate (29/15 °C), and PPF, which reached higher levels than in
preceding months. Nevertheless, the water stored in the stems still sustained stomatal opening,
the;eby keeping the photosynthetic tissue active during the initial period of drought (Barcikowski
& Nobel, 1984; Goldstein et al., 19917). Prolonged drought decreased stomatal conductance,
thereby reducing transpirational water losses, as previously demonstrated for O. ficus-indica
(Acevedo et al., 1983; Kluge & Ting, 1978).

Negative daily net CO, uptake in May 1998 for both Species reflected the prolonged drought, as
soil moisture was extremely low (<5%) and day/night air temperatures were high (36/23 °C).
Such conditions affect both stomatal opening and activity of photosynthetic enzymes, (Nobel.
1994). The prolonged drought reduced both the instantaneous rate and the daily period of net
CO, uptake. The stress exacerbated by high day/night temperatures and drought apparently
increased respiration and reduced enzymatic activity, because the gas exchange measurements in
May 1998 revealed an increase in the internal CO, mole fraction at night, consistent with
responses to drought in other CAM plants, such as Kalanchoe daigremontiana (Maxwell er al..

1997).



The ecological and agronomical success of cacti such as Opuntia and Stenocereus in semiarid
environments depends on various adaptive characteristics, such as stem succulence and noctumal
carbon assimilation (Nobel, 1988, 1995). These allow cacti to tolerate prolonged drought by
extending carbon gain during periods of low soil water availability, as stem succulence acts as an
important buffer to maintain turgescence in the photosynthetic tissue (Nilsen er al., 1989, 1990;
Nobel, 1995). Stem photosynthesis allowed O. ficus-indica and S. queretaroensis 10 obtain
carbon three months after the soil water content was below 5%, so the plants could store energy

that will support reproductive growth before new resources become available.
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Table 1. Scasonal variations in daily nct CO, uptake, mean nighttime stomatal conductance, and mean nighttime intercellular CO, mole

fraction over 24-h periods for Opuntia ficus-indica (O. f--i.) and Stenocereus queretaroensis (S. ¢.). Dala are means + SE (n =6

plants).
Mean nighttime intercellular CO,
Date Total daily net CO, uptake Mean nighttime stomatal mole fraction
(mmol m2d™") conductance (umol mol™)
(mol m?s™)
0. f-i. S q. O. f-i. S q. O. f-i. S q.

25-26 July 1997 269b 273 ¢ 190a 1.23a 334b 349b
7-8 November 1997 597a 443 b 0.89 ab 1.01 ab . 354b 362 a
17-18 December 1997 618a 767 a 0.150b 0.17b 301 ¢ 288 be
12-13 February 1998 523a 414 b 0.21b 0.14b 231d 230 ¢
9-10 May 1998 -40 ¢ -76 d 0.84 ab 0.83 ab 399a 424 a

Mecan valucs within a column that arc followed by different fetters are significantly different at P < 0.05 by LSD’s multiple test.



Figure Legends
Figure 1. Phenological stages of Opuntia ficus-indica (a) and Stenocereus queretaroensis (b) at

Techaluta, Jalisco, Mexico.

Figure 2. Daily minimum (V) and maximum (A) air temperatures averaged over a month (a),
total monthly rainfall (b), soil water content (c), and mean photosynthetic photon flux (PPF)
from early morning to late afternoon (d) at Techaluta, Jalisco, Mexico. Data are means + SE,

except when error bars are smaller than the symbol (n = 10).

Figure 3. Net CO, uptake rates over 24-h periods for O. ficus-indica on 25-26 July 1997 (a). 7-8
November 1997 (b), 17-18 December 1997 (c), 12-13 February 1998 (d), and 9-10 May 1998 (e)

at Techaluta, Jalisco, Mexico. Data are means + SE (n = 6 plants).

Figure 4. Net CO, uptake rates over 24-h periods for S. queretaroensis on 25-26 July 1997 (a).
7-8 November 1997 (b), 17-18 December 1997 (c), 12-13 February 1998 (d), and 9-10 May 1998

(e) at Techaluta, Jalisco, Mexico. Data are means = SE (n = 6 plants).
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(PPF) from early morning to late afternoon (d) at Techaluta, Jalisco, Mexico. Data are

means * SE, except when error bars are smaller than the symbol (n = 10).
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Figure 3. Net CO; uptake rates over 24-h periods for O. ficus-indica on 25-26 July 1997
(a), 7-8 November 1997 (b), 17-18 December 1997 (c), 12-13 February 1998 (d), and 9-10
May 1998 (e) at Techaluta, Jalisco, Mexico. Data are means + SE (n = 6 plants).
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Figure 4. Net CO, uptake rates over 24-h periods for S. queretaroensis on 25-26 July
1997 (a), 7-8 November 1997 (b), 17-18 December 1997 (c), 12-13 February 1998 (d), and
9-10 May 1998 (e) at Techaluta, Jalisco, Mexico. Data are means + SE (n = 6 plants).



