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and (B) in San Benito at open sites and under the canopy
of B. berlandieriana.

2.6. Effect of PPFD level on the volume/surface relationship 48
Mammillaria gaumeri seedlings planted during the rainy
season in open sites and under the canopy of D.
carthagenensis in Ria Lagartos and B. berlandieriana in San
Benito, receiving 50% and 20% of total PPF.

2.7. Effect of high and low temperature treatments on the 50
uptake of neutral red into chlorenchyma cells for newly
germinated Mammillaria gaumeri seedlings maintained in a
growth chamber for 4 wk at the indicated diurnal/nocturnal
temperatures.

3.1. Ciclo diario de la acidez tisular en plantulas de 66
Mammillaria gaumeri de una semana de edad creciendo
bajo los flujos de fotones para fotosintesis (FFF) indicados.

3.2. Ciclo diario de la acidez tisular en plantulas de 67
Mammillaria gaumeri de cuatro semanas de edad creciendo
bajo los flujos de fotones para fotosintesis (FFF) indicados.

3.3. Acidez tisular en plantulas de Mammillaria gaumeride 68
una semana de edad creciendo bajo cuatro tratamientos
de flujo de fotones para fotosintesis (FFF).

3.4. Acidez tisular en plantulas de Mammillaria gaumeride 70
cuatro semanas de edad creciendo bajo cuatro tratamientos
de flujo de fotones para fotosintesis (FFF).

3.5. Efecto de cuatro tratamientos de flujo de fotones para 72
fotosintesis (FFF) sobre la relacién volumen/superficie
(v/s) en plantulas de Mammillaria gaumeri de cuatro
semanas de edad.












microhabitats que recibian el 20% del FFF total ambiental. Las plantulas
que crecieron en esta condicion tuvieron una mayor relacion
volumen/superficie (mas agua almacenada en los tejidos). La
fotosintesis CAM se presentd inmediatamente después de la
germinacion y podria permitir la mayor ganancia de carbono porque con
esta ruta, a niveles bajos de luz, se reducen las pérdidas por respiracion
mediante el reciclamiento del CO; producido internamente. La
disponibilidad de agua es el factor limitante para el establecimiento de
plantulas en ambientes aridos y semiaridos; sin embargo, debido a la
baja tolerancia de las plantulas a las temperaturas extremas, una
combinacion de factores microambientales determina cuando y donde
las plantulas pueden establecerse.

Perturbaciones de baja magnitud como aquéllas que provocan
microhabitats medianamente expuestos podrian ser benéficas para el
crecimiento y conservacion de esta especie rara, ya que el
mantenimiento de las poblaciones esta basado principalmente en la
longevidad. Sin embargo, si se incrementa la germinacion y el
establecimiento de plantulas a través de la conservacion de la
vegetacion original, especialmente de las plantas nodriza, y mediante el
desarrollo de un programa de irrigacion in situ durante periodos criticos,
también se podria incrementar el tamaro poblacional.






internally produced CO,. Water availability is the limiting factor for
seedling establishment in arid and semi-arid environments; however,
because M. gaumeri seedlings had a low tolerance to extreme
temperatures, a combination of microclimatic factors determined where
and when a seedling could establish and survive.

Low magnitude disturbances such as clearing of small areas
resulting in more exposed microhabitats may be beneficial for growth
and conservation of this rare species, since maintenance of its
populations is based mainly on longevity. However, increasing seed
germination and seedling survival through protection of native
vegetation, especially nurse plants, and the development of an in situ
irrigation program, can also increase population size.






estas especies. Los pocos estudios de demografia de cactaceas
endémicas y amenazadas (Esparza-Olguin et al., 2002; Rae & Ebert,
2002; Méndez et al., 2004) no permiten contestar la pregunta de cémo
estas especies se desempefian en condiciones naturales, sino que
manejan los cambios poblacionales en términos de destruccion del
habitat y distribucién actual.

La fisiologia ecolégica vegetal puede contribuir a la conservacion
de especies ya que se ocupa de los atributos fisioldégicos particulares de
una especie en el contexto de su ambiente natural. Esta disciplina
contribuye a entender como los procesos fisiolégicos afectan a la
supervivencia, al crecimiento y a la reproduccién de los individuos bajo
las condiciones particulares del habitat donde crecen (Zotz, 2000). Esta
disciplina también estudia los rangos de tolerancia, los mecanismos de
apropiacion y la utilizacion de los recursos, la adaptacion al estrés y la
plasticidad de estos mecanismos ante un ambiente fisico cambiante
(Vazquez-Yanes, 1999). La aproximacion ecofisiolégica ha sido y es
aun una herramienta muy poderosa. Por ejemplo, para cultivares con
metabolismo acido de las crasulaceas (CAM), se ha llegado a un
entendimiento tan detallado acerca de los efectos de la variacién en la
luz, la temperatura y la humedad del suelo sobre la tasa de asimilacion
de carbono, tanto de agaves como el tequilero y el henequén, como de
cactaceas como la pitahaya y el nopal, que ha sido posible modelar su
productividad bajo diferentes escenarios (Acevedo et al., 1983; Nobel,
1985; Garcia de Cortazar & Nobel, 1992; Nobel et al., 1998; Nobel & De
la Barrera, 2004). En contraste, existe muy poca informacién basica
sobre la fisiologia, las tasas de crecimiento in situ, y los requerimientos
ambientales de cactaceas raras y amenazadas.

Mammillaria gaumeri (Britton y Rose) Orcutt es una cactacea
globular rara y endémica del matorral de duna costera y de la selva baja
caducifolia espinosa de la costa norte de Yucatan (Duran et al., 1998).
Se le considera amenazada ya que estas comunidades vegetales han
sido fragmentadas por la urbanizacién, la ganaderia y la agricultura
(Flores & Espejel 1994), actividades que pueden modificar el ambiente
fisico de un ecosistema ya que alteran la estructura de la vegetacion
(Chen et al., 1999). Estudios previos sobre los factores que afectan la
abundancia, distribucién y supervivencia de plantulas de esta especie
sugieren que los microambientes 6ptimos para el crecimiento de adultos
y el establecimiento de plantulas son diferentes, ya que los adultos
tienen mayor tamafio en ambientes expuestos y el establecimiento
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¢ La via fotosintética y la asimilacion neta de CO, de
plantulas.

¢ E! crecimiento de plantulas, su capacidad de
almacenamiento de agua y su tolerancia a temperaturas
extremas.

¢ Los patrones estacionales de la asimilacion neta de CO;
de individuos adultos.

¢ El crecimiento anual de individuos adultos de diferente
tamario, en diferentes microambientes de luz.

La informacion generada permitirda responder las siguientes
preguntas:

¢ Cuales son los microhabitats 6ptimos para la germinacién de
semillas, para el establecimiento de plantulas y para el crecimiento de
individuos adultos? ;cuan especificos y cuan diferentes son los
requerimientos para cada estadio? ¢cuales son las principales causas
de mortalidad de plantulas? ;cual es la tolerancia de las plantulas a
temperaturas extremas? los arbustos perennes ;mejoran el
microambiente para la germinacién de semillas y el establecimiento de
plantulas? ;en qué periodos ocurre la mayor ganancia de carbono?

Finalmente, el estimar la diversidad microambiental dentro y
entre poblaciones, asi como la tasa de crecimiento, permitira determinar
sitios y periodos particulares de estrés o alta productividad, establecer
planes de manejo que pudieran ser efectivos y que aumenten el
establecimiento de plantulas y la tasa de crecimiento de adultos.
Ademas, contribuira a los esfuerzos de propagacion que actualmente se
llevan a cabo en el Centro de Investigacién Cientifica de Yucatan y en
la localizacién de sitios para la posible re-introduccion de esta especie
amenazada y asi ayudar a aumentar la probabilidad de éxito de los
programas de manejo.
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rates can be predictive of survival. Time of flowering also depends on
individual biomass (Garcia de Cortazar and Nobel, 1992; Bowers 1996),
and a positive relationship exists between plant size and the production
of fruits (Rae 1995; Bullock and Martijena, 1998). Because many cactus
species can reproduce vegetatively as well as sexually, the survival and
possible population growth of endangered and endemic species may
depend directly on the primary productivity of its members. Therefore,
determining how rapidly individuals in a population are growing and
under which environmental stresses they are living are important
considerations for understanding the dynamics of endemic populations
of cactus.

Microclimate factors were simultaneously measured with net CO»
uptake and growth for M. gaumeri in the field. The characterization of
local microclimates and their influence on productivity was then used to
predict individual plant growth rates under different conditions and
determine particular periods of productivity and stress. This information
will be useful for conservation and management plans, especially in
propagation efforts and identification of appropriate sites for the
reintroduction of this endangered species.

1.2 MATERIALS AND METHODS

1.2.1 Field sites

The climate of the northern coast of the Yucatan Peninsula is
semi-arid with an average mean air temperature of 26 °C, a maximum of
45 °C, and a minimum of 10 °C (Thien et al., 1982). The region receives
< 700 mm average annual rainfall, most of which falls during the rainy
season (June to October), with some precipitation in the “northwinds”
season (November to February); a marked dry season occurs from
March to May (Orellana, 1999). This study was conducted at San Benito
(21°19'10” N, 89°3040” W), a coastal dune scrubland, and Ria
Lagartos (21°34'15” N, 88°06'40” W), a tropical dry deciduous forest
(Fig. 1.1). The coastal dune vegetation of San Benito can reach from 3
to 5 m and common species are Bravaisia berlandieriana (Nees) T.F.
Daniel (Acanthaceae), Cordia sebestena L.. (Boraginaceae), Coccoloba
uvifera (L.) L. (Polygonaceae), and several succulent plant species:
Agave angustifolia Haw. (Agavaceae), Acanthocereus tetragonus (L.)
Hummelinck (Cactaceae), Opuntia dillenii (Ker Gawl.) Haw.
(Cactaceae), and Myrmecophila christinae var. christinae Carnevali &
Goémez-Juarez (Orchidaceae). In the tropical dry deciduous forest, the
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datalogger (CR21X, Campbell Scientific Inc., Logan, Utah, USA) and
measurements were made simultaneously with a reference sensor
placed 5 m above the ground in an unshaded space. Also, the
distribution of local light environments was measured along five 50 m
transects: PPF was measured 20 cm above the ground in 40 randomly
selected points across each transect using a quantum sensor (LI1190s,
LI-COR). Percentage of ambient light was calculated using the
reference sensor placed 5 m above the ground.

In situ gas exchange was measured for 4 whole plants with a 1.0
x 10° m® cylindrical acrylic chamber placed over the exposed stem
which was sealed at the base of the stem with plastic putty. Four
chambers were connected simultaneously to an infrared gas analyzer
(LI-6400, LI-COR) via a set of solenoid valves and measurements were
made automatically every 10 min for 72 h each season. For each
replicate, the PPF 20 mm above each plant and plant temperature
(measured with copper-constantan thermocouples 0.2 mm in diameter,
inserted 2 mm within the plant) were recorded every five seconds by a
data logger (CR21X, Campbell Scientific Inc., Logan, Utah, USA)
equipped with a 32-channel multiplexer (AM416, Campbell Scientific)
and 10-min means were stored in a solid-state storage module (SM192,
Campbell Scientific). Additionally, during gas exchange, PPF (Par Lite,
Kipp & Zonen, Delft, Holland), air temperature, and relative humidity
(HPM45C-L Vaisala shielded probe, Campbell Scientific) were
measured at 5 m above the ground in an open space. Water vapour
pressure deficit was obtained using equations from Jones (1992). Soil
samples were collected at a depth of 15 cm and soil water content was
determined gravimetrically (Rundel and Jarrell, 1989). Soil water
potential was estimated from moisture characteristic curves obtained
with a WP4 water potential meter (Decagon Devices, Puliman,
Washington, USA), as described in WP4 application note AN4101-10
(Decagon Devices).

1.2.3 Growth

Because stem height and diameter are not reliable
measurements of growth for cacti, due to reversible changes in stem
water content (Nobel, 1977; Mauseth, 2004), the production of new
areoles, axillary buds (Gibson and Nobel, 1986), was used as an index.
To facilitate visualization of recently produced areoles, spines were
removed at the start of April 2003 from the trichome-covered apices of
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by the arcsine of the square root before analysis to achieve linearity
(Sokal and Rohlf, 1995). To compare net CO, uptake rates between
sites and among seasons, a two-way repeated measures analysis of
variance (ANOVA) was used. Means were compared with Tukey's test.
The analyses were performed using Statistica v. 6.0 (StatSoft Inc.,
Tulsa, Oklahoma, USA).

1.3 RESULTS
1.3.1 Light microenvironment

The average daily photosynthetic photon flux (PPF) received by
adult plants of Mammillaria gaumeri in San Benito was 55.3 + 2.7 %
(mean + S.E.) of ambient PPF measured above the canopy and in Ria
Lagartos was 57.7 + 4.0 % of ambient (Fig. 1.3; Student’'s t test: t =
7.33, P > 0.05). In both sites, individuals were normally distributed with
respect to PPF interception (Fig. 1.3, panel A, Kolmogorov-Smirnoff test,
P = 04634 and P = 0.4965, respectively for San Benito and Ria
Lagartos): In San Benito light interception by M. gaumeri individuals
peaked at 50-60% of ambient PPF and most of these individuals
occurred under the canopy of ca 50 cm-tall plants of shrub species such
as Bravaisia berlanderiana (Acanthaceae) and Coccoloba uvifera
(Polygonaceae). In Ria Lagartos, light interception peaked at 40-50% of
ambient PPF and most of these individuals occurred in a large gap
(approximately 50 m? in area), under the canopy of Diphysa
carthagenensis (Fabaceae) and Enriquebeltrania crenatifolia, (Miranda)
Rzed. (Euphorbiaceae) located within the gap, averaging 1.3 m in
height.

Local light microenvironment for both sites was also normally
distributed (Fig. 1.3, panel B, Kolmogorov-Smirnoff test, P = 0.3125 and
P = 0.1401, for San Benito and Ria Lagartos, respectively). In San
Benito, most light microsites at a height of 20 cm received 20-40% of
ambient PPF. These light microsites were common under the canopy of
Bravaisia  berlanderiana (Acanthaceae), Coccoloba uvifera
(Polygonaceae), Agave angustifolia (Agavaceae), Coccothrinax readii
H.J. Quero (Palmae) and grasses. In contrast, light microsites in Ria
Lagartos were highly exposed since most of them received 70-90% of
ambient PPF. These microsites were common at the edges of the gap
and at the edges of vegetation islands within the gap. For each site,
there were no statistical differences in the distribution of random light
microenvironments and those above M. gaumeri individuals (Mann-
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test, t = 7.17, P < 0.01), resulting in 35.6 + 2.4 mol photons m? d! for
Ria Lagartos and 32.3 £ 2.2 mol photons m? d”' for San Benito.
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Frequency of Mammillaria gaumeri individuals encountered with respect to the
percentage of total daily photosynthetic photon flux (PPF) received, relative to
the PPF measured 5 m above the ground. Measurements were made 20 mm
above individuals from Ria Lagartos (dry forest; n = 39) and San Benito
(coastal dune; n = 39). (B) Distribution of light microenvironments (percentage
of ambient PPF) along five 50 m transects at San Benito and Ria Lagartos (n =
40).
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highest 5e was 3.57 + 0.32 kPa for the dry forest and 2.89 + 0.33 kPa for
the coastal dune and the average values were 1.1 + 0.1 kPa and 0.9 +
0.1 kPa, respectively (t test, t = 1.22, P < 0.05), about 35 % less than
during the dry season (f test, t = 4.64, P < 0.01). For the northwinds
season, highest and average de were 3.02 + 0.25 and 0.92 + 0.1 kPa,
respectively (f test, t = 0.056, P > 0.05), the latter being 44.6 % lower
compared to the dry season (ftest, t=-12.7, P < 0.01).

1.3.3 Gas exchange

Gas exchange patterns during all seasons were consistent with
obligate crassulacean acid metabolism (CAM) (Fig. 1.6). During the dry
season, for adult individuals receiving 70% ambient PPF and averaging
8.5 cm in diameter at the junction between the stem and the root,
stomata were closed almost until midnight and maximum instantaneous
net CO, assimilation rates occurred late in the dark period. Maximum
rates were 0.52 + 0.04 umol CO, m? s for Ria Lagartos, Fig. 1.6, panel
A, and 0.50 + 0.05 pmol CO, m? s™ for San Benito, Fig. 1.6, panel B, ¢
test, t = 0.612, P > 0.05). There were no statistical differences in total
daily CO; fixed between sites: 1.33 + 0.08 mmol CO, m? d” for Ria
Lagartos and 1.38 + 0.07 mmol CO, m? d' for San Benito (Two way
repeated measures ANOVA, F = 0.028, P > 0.05); 12.57% and 13.15%
of the carbon gain, respectively, was fixed in the light during the early
morning.

For the rainy season, an average of about 97% of the total daily
net CO, uptake occurred at night. Maximum instantaneous net CO;
uptake rate was approximately 2.15 + 0.14 pmol CO; m? s™ for both
sites (Fig. 1.6, panels C and D) and total daily CO, uptake was 17.6 +
0.27 mmol CO, m? d! for Ria Lagartos and 18.8 + 0.31 mmol CO, m?
d™! for San Benito (Two way repeated measures ANOVA, F = 0.028, P >
0.05), thirteen-fold of that of the dry season (Two way repeated
measures ANOVA, F=221.8, P<0.01).
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repeated measures ANOVA, F = 6.34, P < 0.01), almost seven times
higher compared to the dry season and 48.7% lower than the rainy
season (Two-way repeated measures ANOVA, F = 221.8, P < 0.01).
Similar to the rainy season, an average of 3.05% of the total daily net
CO, uptake occurred during the early morning. Maximum instantaneous
net CO, uptake rate was 1.29 + 0.07 umol CO, m? s™ for Ria Lagartos
and 0.79 + 0.08 umol CO, m? s for San Benito, twice the values
obtained for the dry season.

1.3.4 Growth

Mammillaria gaumeri individuals grew during both the rainy and
northwinds seasons but not during the dry season, when no new areoles
were produced (Fig. 1.7). Average monthly growth was maximum during
August and September 2003, at the end of the rainy season with
individuals in both sites gaining an average of 0.8 + 0.1 g plant” month™
(t test, t = 0.4, P > 0.05). During the northwinds season, average dry
weight gain was 0.2 + 0.02 g plant”’ month™in the dry forest, and 0.15 +
0.02 in the coastal dune (t test, t = 3.87, P < 0.01).

Annual dry weight gain increased linearly with plant size
regardless of light microenvironment (Fig. 8). Using the PPF classes (<
40 %, 40-60 %, 60-80 % and > 80 %) as a covariate, increases in
ambient PPF from 0 % to 80 % resulted in increases in dry weight gain;
however, plants receiving a PPF higher than 80 % of ambient had a
significantly lower dry weight gain. (Fig. 1.8; Tukey's test following
ANCOVA, DSH = 2.11 P < 0.01).

1.4 DISCUSSION

As for most plants from arid environments, the rainy season
coincided with the maximum growth for Mammillaria gaumeri, there was
no dry weight gain during the dry season (Pfitsch and Smith, 1988;
Larcher, 1995; Cervantes et al., 2005). For Mammillaria gaumeri the
patterns of CO, uptake were consistent with obligated CAM during all
three seasons. During the transition from the rainy season to the dry
season, the reduction in soil water potential led to a reduction in net
daily CO, uptake from 18 mmol CO, m? d”' to 1.3 mmol CO, m? d";
surprisingly, gas exchange still occurred for individuals after 30 d
drought. Similarly, for Agave fourcroydes Lem. (Agavaceae), a CAM
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Fig. 1.7. Average monthly growth for Mammillaria gaumeri in Ria Lagartos (dry
forest) and San Benito (coastal dune) from May 2003 to May 2004. Values are
means + SE, n = 39 individuals per site.

CAM plants (Nobel, 1985), net CO, uptake for M. gaumeri began at the
end of the light period, when relative humidity was high and vapour
pressure deficit was at its minimum value. As the soil relative water
content decreased, the percentage of net CO, uptake during the night,
increased, most likely leading to significantly reduced water loss during
gas exchange. Daytime stomatal closure avoids excess water loss
during intense drought, and the fixation of internally produced CO, by
respiration allows the maintenance of a positive carbon balance during
drought, but without net dry weight gain (Ting, 1985; Littge, 2004). The
response of M. gaumeri in this study (Figs. 1.6 and 1.7) is similar to
other species adapted to seasonally dry regions (Andrade and Nobel,
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photoinhibition can occur at 40 mol photons m? d' (Nobel, 1988; Barker
and Adams, 1997). The reduction of net CO, uptake during the
“northwinds” season was most likely due to soil and atmospheric water
deficits; the slight reduction in PPF during the “northwinds” season
compared to the rainy season would have decreased net CO; uptake by
only 8.5% (C. Cervera, unpublished data). Because growth increased
linearly with PPF up to 80% of ambient, the optimal microhabitats for
growth of adult individuals with regard to light were those that were
moderately to very exposed, but not fully exposed.

Net CO, uptake was maximum near diurnal/nocturnal
temperatures of 30/20 °C, similar to Agave fourcroydes (Nobel, 1985)
and Hylocereus undatus (Nobel and De la Barrera, 2002). Total daily net
CO; uptake during the “northwinds” season at day/night temperatures of
27/18 °C was 50% of the maximum achieved during the rainy season,
possibly reflecting temperatures lower than optimal. High night
temperatures during the dry season, in addition to water deficits, may
have also resulted in a shift in the onset of net CO, uptake to four hours
after the beginning of the dark period, similar to other tropical CAM
species (Andrade and Nobel, 1996).

For tropical cacti, maximum net CO; uptake rates occur when
diurnal/nocturnal temperatures are similar to the mean average
temperature of the regions from where they are native (Nobel, 1988;
Ravetta and MclLaughlin, 1996; Nobel and De la Barrera, 2002). A
recent phytogeographic analysis of taxa endemic to the Yucatan
Peninsula suggests that a combination of dry, warm conditions of the
northern coast of the Yucatan peninsula, together with relative climatic
stability during the last 8,000 years and young soils, has resulted in a
narrow endemism area, the Yucatan dry zone, a relict of a larger dry
zone that occupied most of the Yucatan Peninsula (Espadas et al.,
2003). The Yucatan dry zone was established 5000 years ago in the
northern coast, when the Peninsula had predominantly high perennial
vegetation, and allowed the establishment and speciation of plants
adapted to arid environments (Adams and Faure, 1997). The higher
optimal nighttime temperatures, compared to desert CAM plants, for
total daily net CO, uptake for M. gaumeri could thus reflect the
temperatures characteristic of the region from where it is native.

Species are often endangered because human disturbances
modify the vegetation structure of an ecosystem (Chen et al., 1999),
modifying species microhabitats. For example, for the coastal dune
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Ferocactus acanthodes, a desert cactus, and of cultivated CAM plants
such as Agave fourcroydes and Opuntia ficus-indica (L.) Mill. (Acevedo
et al., 1983; Nobel, 1985, 1986) and helped determine locations suitable
for cultivation of edible cacti in California (Nobel et al., 2002). Because
the effects of light and temperature on net CO, uptake are masked by
water availability, further work will be necessary to determine the
independent effects of soil water potential, photosynthetic photon flux,
and air temperature on net CO, uptake and thus refine or understanding
of the areas that are optimal for the reintroduction for this endemic and
threatened species.
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transpiration (Gibson and Nobel, 1986). Moreover, many cactus species
have relatively slow growth rates, thus they have a relatively small water
storage capacity during the first growing season (Jordan and Nobel,
1979, 1981).

The restrictions imposed by high temperatures and water scarcity
on seedling survival are reduced by the canopies of perennial species,
often referred to as nurse plants (Garcia-Moya and McKell ,1970;
McAuliffe, 1984, Franco and Nobel, 1989). Daily variations in air and soil
surface temperatures are less under the canopy of nurse plants than
outside the canopy. For instance, maximum soil surface temperature
can be 14 °C higher in an exposed area than in a shaded one, and
minimum soil surface temperature is 2 °C higher under the canopy of a
nurse plant than in an open area (Franco and Nobel, 1989). Thus, nurse
plants protect seedlings from extreme temperatures, thereby increasing
seedling survival and extending its distributional boundaries
(Steenbergh and Lowe, 1977; Nobel, 1980). Additionally, acclimation to
changes in diurnal/nocturnal temperatures between seasons can result
in differences in tolerance to high and low extremes (Nobel and De la
Barrera, 2003), also potentially increasing survival.

Mammillaria gaumeri (Britton & Rose) Orcutt (Cactaceae, tribe
Cacteae) is a rare globular cactus endemic to the Yucatan peninsula. It
occurs only in the northern coast and is restricted to the coastal dune
scrubland and the tropical dry deciduous forest (Duran et al., 1998); it is
a species under special protection in the Protection of Natural
Resources Document by the Mexican government (Diario Oficial de la
Federacién, 2001), synonymous to the classification of vulnerable in the
International Union for Conservation of Nature and Natural Resources
(IUCN) system (IUCN, 2002). The endangered status of M. gaumeri is
primarily due to anthropogenic disturbances, such as urbanization and
cattle range management, which are changing the composition and
structure of the vegetation and fragmenting its already restricted habitat
(Duran et al., 1998).

A recent demographic study indicated that populations are mainly
composed of adult individuals and, in most of them, there are no
seedlings (Lopez-Jiménez, 2001). A previous work on seedling survival
for this species, conducted in the coastal dune, showed that seedling
mortality is 18 times higher in open sites than in closed sites, suggesting
that shrubs serve as nurse plants (Leirana-Alcocer and Parra-Tabla,
1999). Because geographically restricted plants frequently have specific
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2.2.2 Seeds

Fruits were harvested in June 2002 in San Benito from a
population of M. gaumeri (32 individuals, average 2.5 fruits per
individual, ~50 seeds per fruit). Under a green safe light, seeds were
extracted from fruits, separated from the pulp, washed, dipped in a
sodium hypochlorite solution (1% v/v) for five minutes, air-dried at room
temperature for three days and then stored in the dark at 25°C and 50%
relative humidity.

2.2.3 Field Experiments

Mammillaria gaumeri frequently occurs under the canopy of
shrubs. The two most frequently-occurring shrubs (Bravaisia
berlandieriana (Nees) T.F. Daniel (Acanthaceae) in San Benito and
Diphysa carthagenensis Jacq. (Fabaceae) in Ria Lagartos) were chosen
to test the effect of three solar exposures levels (open spaces, 50% and
20% of the available photosynthetic photon flux density, PPFD;
wavelengths from 400 to 700 nm) on the germination percentage and
survivorship. Each replicate consisted of an open Petri dish (110 mm
diameter, 15 mm height; n = 5) containing either sandy soil (San Benito)
or clayish soil (Ria Lagartos) with 30 seeds each (buried to 0.5 cm
depth). The Petri dishes were placed under shrubs that provided the
appropriate level of exposure on August 1, 2003. Seeds were protected
against predators with a 15 cm x 15 cm x 35-cm fine plastic mesh and
Clordane insecticide was applied at the beginning of the experiment.
Seed germination was scored as the protrusion of the radicle after 15
days.

After the germination experiment, each Petri dish was replaced
with one containing 30 one-week-old seedlings germinated in the field
under 50% and 20% of total PPFD (for the open site treatment, we used
seedlings germinated under 50% of total PPFD). Seedling survival was
evaluated every two weeks during the first two months and monthly until
the end of the experiment (210 d). Additionally, seedling diameter and
height were measured to determine the volume/surface relationship, a
measure of water storage capacity (Nobel 1988).

For each replicate, PPFD (measured with gallium arsenide
phosphide photodiodes, Hamamatsu Corporation, Bridgewater, New
Jersey, USA; Pontailler, 1990) above the Petri dishes and air
temperature 5 cm above the ground (measured with copper-constantan
thermocouples 0.2 mm in diameter) were recorded every five seconds in
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Michel and Radcliffe, 1985) and y's were verified with a WP4 water
potential meter (Decagon Devices, Pullman, Washington, USA).

The effect of PPFD on germination was determined at 0, 50, 100,
200, 450, and 600 umol m? s™ by changing the number of compact 15-
W fluorescent lamps (Osram) above the Petri dishes. Temperatures
were held constant at 30/20 °C and measured with copper-constantan
thermocouples. Action spectrum of germination was determined by
incubating the seeds in blue (peak at 455 nm), green (520 nm), yellow
(670 nm), red (665 nm) and far-red (730 nm) light, obtained by wrapping
the dishes with different combinations of colored cellophane. The peak
wavelength provided by each combination of cellophane was
determined with a HP 8452A UV-visible spectrophotometer (Hewlett-
Packard, Palo Alto, California, USA). The same PPFD (10 pmol m? s™)
for each light treatment was obtained by varying the distance from the
light source and was measured with a L1190S quantum sensor (LI-COR,
Lincoln, Nebraska, USA). For the wavelength at 730 nm we used a LI-
200SA pyranometer (LI-COR); the 10 umol m? s' PPFD value was
converted to W m? by assuming that all photons hitting the sensor were
at 730 nm (Nobel, 2005). An arcsine square root transformation was
used to normalize the data (Sokal and Rohlf, 1969) and differences
between treatments were tested using a one-way analysis of variance
(ANOVA). Means were compared by a Tukey test at P < 0.01, using
Statistica (StatSoft).

For the seedling acclimation experiments, newly germinated M.
gaumeri seedlings were maintained for 4 weeks in a growth chamber
(Thermo Forma) at day/night ambient temperatures of 25/15 °C, 30/20
°C and 40/30 °C and a PPFD of 185 umol m?2 s™ (average PPFD in the
field for several diurnal courses). The seedlings were watered every four
days with 0.2 strength Hoagland’s solution (Epstein and Bloom, 2004).
Seedling low-temperature and high-temperature tolerance was
determined using the vacuolar uptake of the vital stain neutral red (3-
amino-7-dimethylamino-2-methylphenazine  hydrochloride, = Sigma),
which occurs for living cells only, following exposure for 60 min to a
particular temperature (Nobel and De la Barrera, 2003) measured with a
copper-constantan thermocouple in contact with the sample. Low
temperatures (0, 5, and 10 °C) were obtained in a SO-LOW ultra-low-
temperature freezer (Environmental Equipment Co. Inc; Cincinnati,
Ohio, USA). Intermediate temperatures (15°C to 40 °C) were obtained in
the growth chamber. High temperatures were obtained in a mechanical

40






During the rainy season, for both sites, soil water potential (ws)
was held constant near field capacity (-0.05 MPa) throughout the day.
During the ‘northwinds’ season, s was lowest in the afternoon (-4.0 +
0.3 MPa in San Benito, -3.2 + 0.2 MPa in Ria Lagartos), however,
sporadic rain events rose y;s to field capacity. For the dry season,
the lowest s occurred near midday (-22.4 + 2.3 MPa in San Benito, -
19.8 + 1.6 MPa in Ria Lagartos).

2.3.2 Germination experiments

In the field, M. gaumeri seeds germinated only under lower light
fluences. The highest germination percentage occurred under the
canopy of D. carthagenensis at Ria Lagartos at 20% of ambient PPFD.
At 50% of ambient PPFD, only 30% of the seeds germinated. No
germination occurred for seeds exposed to total ambient PPFD (Tukey’s
test, P < 0.01, Fig. 2.1).

In the laboratory, the highest germination percentage was about
99% and occurred at a diurnal/nocturnal temperature of 30/20 °C
(Tukey's test, P < 0.01). Lowering or raising the diurnal/nocturnal
temperature by 5° C reduced germination by 10%. The lowest
temperature regime (20/10 °C) resulted in 68.0 £ 2.6% germination
while the highest regime treatment (40/30 °C) resulted in 32.2 + 1.5%
germination (Tukey’s test, P < 0.01, Fig. 2.2).

Seeds incubated in the dark for 15 d did not germinate; however,
50 umoles m? s PPFD resulted in 74. + 3.1% germination and 100%
germination occurred at 185 umoles m? s™. Higher PPFD at the same
temperature reduced germination and no germination occurred at 600
pumoles m? s™ (Tukey'’s test, P < 0.01, Fig. 2.3).

Seeds of M. gaumerni were sensitive to blue light (37.8 £ 4.97%
final germination, wavelength of 460 nm). Green, yellow and far-red light
(520 nm, 570 nm and 730 nm, respectively) inhibited germination. The
highest germination occurred under red light (75.4 + 5.5%, 670 nm;
Tukey's test, P < 0.01).

Germination was highest at 0.0 MPa and -0.02 MPa (100%,
Tukey’s test, P < 0.001, Fig. 2.4). Lowering water potential reduced
germination after 15 d from 93.8 + 0.57% (-0.4 MPa) to 66.6 + 2.94% (-
1.0 MPa).
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Fig. 2.1. Germination for Mammillaria gaumeri seeds after 15 d in the field at
open sites and under the canopy of Bravaisia berlandieriana in San Benito
(open bars) and Diphysa carthagenensis in Ria Lagartos (solid bars) receiving
50% and 20% of the total PPFD (Data are means + SE; n = 5 replicates, 30
seeds each).

2.3.3 Seedling survival in the field

Seedlings placed in open sites had rapid mortality and none
survived after 45 d (Fig. 2.5, A and B). In contrast, mortality of seedlings
under the canopy of nurse shrubs at 20% PPFD was low during the
rainy season (91.7% of the seedlings survived after 45 d), became
moderate during the ‘northwinds’ season (63.3% of the seedlings
survived after 150 d) and increased rapidly at the beginning of the dry
season (no seedling survived after 210 d). For the 50% PPFD
treatments seedling mortality was constant regardless of season and no
seedlings survived after 150 d. After the start of the dry season, there
was statistical difference in seedling survivorship between the 20%
PPFD treatments among dune and forest sites, with the highest
survivorship occurring under the canopy of D. carthagenensis at the
forest site of Ria Lagartos (P < 0.05).
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Fig. 2.4. Effect of substrate water potential (‘¥) on the final germination for
Mammillaria gaumeri seeds after 15 d in a growth chamber at a

diurnal/nocturnal temperature of 30°C/20°C and a PPFD of 100 umol m? s
(Data are means * SE; n = 5 replicates, 30 seeds each).

During the rainy season at 20% PPFD, the volume/surface ratio
(v/s) increased rapidly from 0.024 cm to 0.059 cm after 30 d for M.
gaumeri seedlings growing at the forest site of Ria Lagartos (Fig. 2.6);
the v/s of the seedlings was 13.5% higher at the forest site than that of
seedlings growing at 20% PPFD at the dunes in San Benito. The v/s at
50% PPFD at the forest site of Ria Lagartos was 31.11% higher than
those growing at the dunes of San Benito (P < 0.05). During the
‘northwinds’ season, v/s increased more slowly and after 120 d, v/s for
seedlings growing under 20% PPFD in Ria Lagartos (0.0746 cm) was
7% higher than that of seedlings growing at 20% PPFD in San Benito
and was 40% higher than that of seedlings growing at 50% PPFD at
both sites.
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Fig. 2.6. Effect of PPFD level on the volume/surface relationship for
Mammillaria gaumeri seedlings planted during the rainy season (August 2003)
in open sites and under the canopy of D. carthagenensis in Ria Lagartos (RL,
open symbols) and B. berlandieriana in San Benito (SB, closed symbols),
receiving 50% and 20% of the total PPFD (Data are means + SE, n = 5§
replicates, 30 seedlings each).

The reduction in the vacuolar capacity of stain uptake for high
temperatures occurred at 35 °C for seedlings acclimated to 25/15 °C, for
which LTsp was 44.2 + 1.2 °C. For seedlings acclimated to 30/20 °C,
neutral red accumulation in chlorenchyma cells decreased at 40 °C and
above and the LTso was 48.2 + 1.3 °C (P < 0.01, Fig. 2.7B). Similarly, for
seedlings acclimated to 40/30 °C, stain uptake was also reduced at 40
°C, but LTso was three degrees higher (61.3 £ 0.95 °C, P < 0.01). Only
85% of the control chlorenchyma cells (at 25 °C) took up stain and cells
growing in 40/30 °C (Fig. 2.7C) took up even less stain than control
cells, indicating that growth temperatures affected some cells in this
treatment compared to the cells of seedlings growing in the two other
temperature regimes.
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Fig. 2.7. Effect of high and low temperature treatments on the uptake of neutral
red into chlorenchyma cells for newly germinated Mammillaria gaumeri
seedlings maintained in a growth chamber for 4 wk at the indicated
diurnal/nocturnal temperatures. Samples were held at the indicated
temperature for 60 min before the temperature was lowered 5 °C for the low
treatment temperatures or raised by 5°C for high treatment temperatures. Data
are expressed relative to the control at 25 °C (for which 85% of the
chlorenchyma cells took up stain) and are means + SE (n = 5 seedlings).
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the diurnal/nocturnal air temperature increased from 25/15 °C to 40/30
°C during this season and seedlings acclimated to higher temperatures
were more sensitive to temperature extremes. Adult individuals of dwarf
cacti such as Epithelantha bokei, Mammillaria lasiacantha and
Ariocarpus fissuratus, were also more sensitive to extreme temperatures
due to an increase in diurnal/nocturnal air temperature (Nobel, 1988),
although they could withstand soil surface temperatures of 64 °C (Nobel
et al., 1995). The present results showed that M. gaumeri seedlings can
only tolerate temperatures of 50 °C. Similarly, Hylocereus undatus, a
climbing cactus that co-occurs with some populations of M. gaumeri in
tropical low deciduous dry forests, grows in sites with mean air
temperatures below 45°C (Nobel et al,, 2002). Less succulent plants,
such as epiphytic bromeliads, when growing in exposed locations in the
canopy of the same forests, can dissipate better the heat and receive
more water as precipitation and dew than individuals occurring close to
the soil (Graham and Andrade, 2004; Cervantes et al., 2005), because
soil and air temperatures can be as much as 10 °C higher than air
ambient temperatures.

The results suggest that for M. gaumeri the timing of germination
is highly synchronized with the rainy season: soil is at field capacity
most of the time, the new leaves of perennial shrubs reduce the photon
flux that reaches the soil surface, and diurnal/nocturnal air temperature
is moderate. The environmental requirements for seed germination of M.
gaumeri may also be very specific because maximum germination
percentage occurred under the same microclimatic conditions even
under different vegetation types.

Habitat loss and degradation in the coastal dune scrubland and
the dry deciduous forest in northern Yucatan result in the removal of
nurse plants that ameliorate the stressful conditions that occur at these
sites. Human assistance will be vital for the recovery of this endangered
species (Maschinski et al., 2004). Protection of native vegetation,
especially of the nurse plants Bravaisia berlandieriana, Diphysa
carthagenensis and other perennial species such as Coccoloba uvifera
(Polygonaceae), will increase the availability of suitable sites for seed
germination and seedling survival for Mammillaria gaumeri.
Reintroduction efforts must take into consideration that seedlings need
shade in order to survive; they should be planted 10 to 15 cm away from
the main trunk of nurse plants to obtain ~20% of ambient PPFD and
avoid competition for water. Moreover, since water is the limiting factor
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Las plantas CAM (metabolismo acido de las crasulaceas, siglas
en inglés) se diferencian claramente de las plantas C; y C4 en que la
apertura estomatica ocurre principaimente durante la noche, lo que
produce una acumulacién de compuestos de 4 carbonos como el acido
malico en las vacuolas de las células del clorénquima (tejido
especializado en cactaceas y otras suculentas). La fijacién nocturna de
CO2 en malato por medio de PEPC ocurre cuando los estomas estan
abiertos y la pérdida de agua por transpiracién es baja. Durante la
noche, el malato es acumulado en la vacuola en forma de acido malico.
Durante el dia la difusién pasiva del malato fuera de la vacuola y su
descarboxilaciébn promueve el cierre de estomas. La concentracion
interna de CO, alrededor de Rubisco aumenta, inhibiendo su actividad
oxigenasa y por lo tanto, minimizando la fotorrespiracion (Cushman,
2001). ElI CO, liberado dentro de la planta, por descarboxilacién del
malato, es fijado en productos fotosintéticos por la via Cs.

Debido a las influencias ambientales, se puede observar una
variedad de caracteristicas de asimilacién de CO,, oscilacién en la
concentraciéon de acidos y comportamiento estomatico fuera del patron
de CAM. Los mejores ejemplos de la plasticidad CAM son las especies
CAM facultativas (C3-CAM) encontradas predominantemente entre las
familias Aizoaceae, Crassulaceae, Portulacaceae y Vitaceae. Estas
especies CAM facultativas utilizan la via C; para maximizar el
crecimiento cuando el agua es abundante, pero experimentan una
transicién gradual de C; a CAM que coincide frecuentemente con la
reduccion en la disponibilidad de agua en la estacién seca. La transicion
de C; a CAM reduce la pérdida de agua y mantiene la integridad
fotosintética bajo condiciones limitantes en agua que se traduce
finalmente en mayor probabilidad de éxito reproductivo (Cushman,
2001).

Estudios con la planta CAM facultativa Mesembryanthemum
crystallinum, bajo condiciones naturales a lo largo de la costa del Mar
Mediterraneo, demostraron un cambio en la via de asimilacién de CO,
de C3z a CAM durante el desarrollo temprano. La germinacién ocurre
cuando la disponibilidad de agua es favorable, pero conforme la planta
crece, hay un incremento progresivo en la sequia y las plantas cambian
de C3 a CAM. Cuando no esta activado el modo CAM los niveles de
acido malico y las actividades enzimaticas relacionadas con este
metabolismo son relativamente bajos. Ademas, las plantas son menos
suculentas. Cuando se induce CAM comienza la fluctuaciéon de acido
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algunos cactos columnares de la tribu Pachycereae como
Neobuxbaumia tetetzo (Coulter) Backeberg, Pachycereus webern
(Coulter) Buxbaum, Stenocereus stellatus (Pfeiffer) Riccobono,
Escontria chiotilla (Weber) Rose y Myrtillocactus geometrizans (Martisu)
Console, y una especie globosa de la tribu Echinocacteae, Ferocactus
recurvus, son especies CAM obligadas bajo condiciones naturales
(temperaturas diurnas/nocturnas extremas y FFF superior a los 1,200
umol m? s7): sus plantulas siempre presentan acumulacién nocturna de
acidos organicos inmediatamente después de la germinacién, y la
cantidad acumulada depende de la luz y la disponibilidad de agua
(Hernandez y Briones, citados por De la Barrera & Andrade, 2005).

Para estas cactaceas, la apertura estomatica nocturna reduce la
pérdida de agua por transpiracién debido a la reduccién en la diferencia
de presion de vapor entre el tallo y la atmésfera. Ademas, la
acumulacion de acido malico y su re-movilizacién tienen relacién directa
con la funcion ecofisiolégica de CAM: la oscilacion de compuestos
osmoéticamente activos (acido malico) durante el ciclo dia-noche,
permite la adquisicidén y retencion osmética de agua en estadios criticos
(Lottge, 1987).

El objetivo del presente trabajo es analizar los cambios en la
fisiologia fotosintética durante la ontogenia de Mammillaria gaumen
(Cactoideae). La supervivencia de plantulas de esta especie es muy
baja durante el primer afo del ciclo de vida. La germinacién de semillas
de esta especie ocurre durante la estacién de lluvias y los niveles de
FFF bajo las plantas nodriza no rebasan los 450 umol m?s? (Capitulo
Il), entonces, la fotosintesis C3 en las semanas iniciales de vida de M.
gaumeri, cuando hay elevada disponibilidad de agua, permitiria la
mayor ganancia de carbono y mayor probabilidad de supervivencia al
llegar la estacion de sequia. En contraste, la fotosintesis CAM, serviria
como mecanismo de proteccién en condiciones de irradiacion elevada,
evitando la fotorrespiracion. Entonces, se espera que M. gaumeri, bajo
condiciones simuladas en laboratorio, exhiba metabolismo Cs3
inmediatamente después de la germinacion, cuando el potencial hidrico
del suelo esta a capacidad de campo y durante las siguientes semanas
de desarrollo se exprese la fotosintesis CAM. El entendimiento de los
cambios fisolégicos durante el desarrolio de plantulas de M. gaumeri
nos permitiria elaborar estrategias que ayuden a aumentar la
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el CO; se acumula durante la noche en forma de malato), en tanto que
el menor valor ocurre al final del periodo de luz (6 p.m., cuando los
estomas alin estan cerrados y el malato es descarboxilado). Por lo
tanto, la concentracioén de malato sigue la forma de una funcién del tipo:
x=a+ b seno (h)

donde x = concentracidon de malato predicha, a = el promedio de la
concentracion de malato, b = la amplitud de la variacidon periddica en la
concentracion de malato y h es la hora del dia expresada en radianes,
de tal manera que h = 2rn t/24, donde t es el tiempo solar local (en
horas).

3.2.4 Pigmentos fotosintéticos

Después de cuatro semanas de crecimiento bajo los tratamientos
de FFF indicados anteriormente, se determiné el contenido de clorofila
por extracciéon con acetona al 100% en frio y penumbra, segun Bruisma
(1963) de 0.6 g de tejido fresco (n = 3, 5 plantulas por réplica); el tejido
fue macerado en nitrogeno liquido y extraido con acetona fria al 80%
(v/v). El extracto fue centrifugado durante 5 minutos. La concentraciéon
de pigmentos en la muestra se mididé con un espectrofotometro DU-65
(Beckhamn Coulter, Inc., Fullerton, EUA) a 663 nm para clorofila a, a
646 para clorofila b y 470 nm para carotenoides. La concentracion de
pigmentos fue calculada de acuerdo con las ecuaciones de Wellburn
(1994):

Clorofila a = Ca = 12.21A663 — 2.81A645
(1)
Clorofilab = Cy, = 20.13Ae46 — 5.03Age3
(2)
Carotenoides = C; = 1000A470 — 2.27C, — 81.4C, (3)
donde A = valor de absorbancia en la longitud de onda
seleccionada.

3.2.5 Relacién volumen/superficie

Se midié el diametro y la altura de las plantulas (n = 5) para
calcular el volumen de tejido en el que las plantulas pueden almacenar
agua y el area de la superficie por el que la pueden perder por
transpiracién, para calcular la relacidn volumen/superficie (v/s), como
una medida de la capacidad de aimacenamiento de agua (Nobel, 1988).
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Fig. 3.5. Efecto de cuatro tratamientos de flujo de fotones para fotosintesis
(FFF) sobre la relacion volumen/superficie (v/s) en plantulas de Mammillaria
gaumeri de cuatro semanas de edad. Los datos son el promedio £ ES (n = 5).

El contenido de carotenoides en plantulas de M. gaumeri estuvo
fuertemente correlacionado con una mayor incidencia de fotones. Las
plantas aclimatadas a altos niveles de luz disipan la energia a través de
reacciones mediadas por el ciclo de las xantofilas, un grupo particular
de carotenoides (Lambers et al., 1998). El ciclo de las xantofilas
funciona como un mecanismo de fotoproteccién, ya que recibe el
exceso de energia en la misma forma energizada que la clorofila y
disipa la energia, sin dafo para la planta, en forma de calor (Adams &
Demmig-Adams, 1992). Por ejemplo, en Opuntia macrorhiza, a mayor
FFF total diario, mayor contenido de los componentes del ciclo de la
xantofila (Barker & Adams, 1997), lo que evita que la energia en exceso
sea transferida a las moléculas de oxigeno via clorofila, conduciendo a
dano fotooxidativo, que a su vez, puede conducir a la peroxidacién de
lipidos y a la pérdida de los compartimentos celulares (Adams &
Demmig-Adams, 1996).
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disponibilidad de agua en el suelo. Adicionalmente, protege al
fotosistema |l y evita la fotorrespiraciobn en condiciones de alta
irradiacion, permitiendo que continde la fotosintesis. Por consiguiente,
la probabilidad de éxito de la propagacién ex situ y de la reintroduccién
de plantulas M. gaumeri en los sitios de distribucién natural aumentaria
si estas crecen bajo 200 umol m? s de FFF, lo cual corresponde a las
condiciones luminicas debajo de plantas nodriza en matorrales de duna
y en selvas bajas caducifolias (Cervera et al., 2006). CAM evita la
pérdida de agua por transpiracién, la pérdida de carbono por
fotorrespiracion, permite mayor ganancia de carbono bajo condiciones
de baja irradiacién y permitiria aumentar la disponibilidad de agua al
iniciar el periodo de sequia.
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las tasas de crecimiento de los individuos adultos, que a su vez
dependen de las tasas de asimilacion de CO,, podrian ser utilizadas
para predecir la supervivencia.

Los patrones de fijacion de CO. en las tres estaciones
caracteristicas de la costa norte de Yucatan (lluvias, “nortes” y secas;
Orellana, 1999) son consistentes con el metabolismo acido de las
crasulaceas (CAM). Durante la estaciéon seca, debido al déficit hidrico
en el suelo y en el aire, que conduce al cierre estomatico por mas de 18
horas del dia, la asimilaciéon neta de CO, total diaria esta reducida a 1.3
mmol CO, m? dia” y el crecimiento es nulo, al igual que para la
mayoria de las plantas de ambientes aridos (Larcher, 1995). En
contraste, la asimilaciéon neta de CO; total diaria y el crecimiento son
maximos durante la estacién lluviosa, cuando la temperatura promedio
es similar a la media anual. El crecimiento, definido como ganancia
anual de peso seco, se incrementa linealmente al aumentar el flujo de
fotones para fotosintesis (FFF), siendo maximo para las plantas que
reciben el 80% del FFF total ambiental. Sin embargo, las plantas mas
expuestas exhiben la menor tasa de crecimiento anual debido a la
fotoinhibicion (Adams & Demmig-Adams, 1996). El porcentaje de FFF
optimo para el crecimiento de individuos adultos ocurre en la duna
costera cuando la vegetacion que rodea a los individuos de M. gaumeri
estd compuesta por herbaceas que no rebasan los 30 cm de altura,
como Cannavalia rosea (Sw.) DC. (Leguminosae), Ambrosia hispida
Pursh (Compositae) y pastos. En la selva baja, el porcentaje 6ptimo de
FFF ocurre cuando M. gaumeri esta rodeada por Ipomea pres-caprae
(L.) R. Br. (Convolvulaceae) y pastos que no rebasan los 25 cm altura.
Las condiciones éptimas para la asimilacién de carbono de individuos
adultos que reciben del 60 al 80% del FFF total ambiental, ocurren
durante la estacion de lluvias, cuando el potencial hidrico del suelo es
cercano a 0.0 MPa y la temperatura diurna/nocturna es de 30/20 °C.

Las condiciones Optimas para la germinacién de semillas
también estan finamente sincronizadas con las condiciones
microambientales de la estacién lluviosa: humedad del suelo elevada y
temperatura diurna/nocturna de 30/20 °C. Sin embargo, a diferencia del
crecimiento de individuos adultos, la germinaciéon unicamente ocurre a
niveles bajos de FFF, siendo maxima cuando incide sobre las semillas
el 20% del FFF total ambiental. La disminucién de la radiacidn excesiva
se debe a la intercepcion de fotones por las copas de arbustos
perennes, conocidos como plantas nodriza (Garcia-Moya & McKell
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M. gaumeri recién germinadas. Por mucho tiempo se pensé que las
plantulas de cactaceas recién germinadas exhibian fotosintesis Cj
cuando la disponibilidad de agua es elevada y que, con el desarrollo y
la llegada la estacion seca cambiaban a CAM (Altesor & Ezcurra, 1992).
Con un estudio reciente bajo condiciones de campo se demostré que
algunas especies son CAM obligadas durante todo el ciclo de vida
(Hernandez & Briones,citados por De la Barrera & Andrade, 2005).

La fotosintesis CAM aumenta la ganancia de carbono en
plantulas de M. gaumeri ya que previene las pérdidas de carbono por
respiracion cuando la planta estd por debajo del punto de
compensacion de luz (como puede ocurrir para plantulas muy
sombreadas) mediante el reciclamiento del CO, liberado internamente
por la respiracion (Pierce et al., 2002; Luttge, 2004). Ademas, reduce el
riesgo de que ocurra fotoinhibicién crénica porque mantiene la
actividad fotosintética (Nobel, 1988) y evita la inhibicién por
retroalimentaciéon en la operaciéon del fotosistema |l y el fotodafio por
condiciones de exceso de luz (Maxwell et al., 1995; Fernandes et al.,
2002). Ademas, debido a que las temperaturas elevadas y el estrés
hidrico incrementan la susceptibilidad a la fotoinhibicién (Adams ef al.,
1987; Lu et al., 2003); el uso de CAM desde etapas tempranas del ciclo
de vida, junto con la mayor biosintesis de clorofila para capturar mas luz
en irradiacion baja y la mayor biosintesis de carotenoides de
fotoproteccion en condiciones de irradiacion elevada, permiten una
mayor eficiencia en la ganancia de carbono y la construccion de tejido
de almacenamiento de agua, que permitiria a las plantulas sobrevivir a
las condiciones adversas de la estacion seca.

En la actualidad, Mammillaria gaumeri entre otras, es
considerada por el gobierno mexicano como una especie sujeta a
proteccion especial (Pr, Diario Oficial de la Federacién, 2001) por su
distribucién restringida a un estrecho cordén litoral con vegetacion de
duna costera y a algunas selvas bajas deciduas con cactaceas del norte
de Yucatan. Ademas, crece bajo condiciones extremas como alta
irradiacion, temperatura elevada y sequia prolongada, condiciones que
la hacen mas vulnerable a la extinciéon debido a sus bajas tasas de
crecimiento y a la alta mortalidad de plantulas. Por esto, Duran y
colaboradores han solicitado su cambio de categoria a especie en
peligro de extinciéon (P). Los datos recabados en este trabajo, refuerzan
esta re-categorizacién, ya que la continua fragmentacién del habitat
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del suelo, la temperatura y el flujo de fotones sobre la asimilacion de
CO, y generar un indice de Productividad Ambiental (Nobel, 1988) que
permita predecir la tasa de crecimiento bajo diferentes escenarios,
incluido el cambio global, asi como la evaluacién precisa de los sitios
adecuados para la reintroduccién.

LITERATURA CITADA

Adams WW lll, Demmig-Adams B. 1996. Energy dissipation and the
xantophyll cycle in CAM plants. En: Winter K, Smith JAC, eds.
Crassulacean acid metabolism: biochemistry, ecophysiology and
evolution. Nueva York: Springer.

Adams WW lil, Smith SD, Osmond CB. 1987. Photoinhibition of the
CAM succulent Opuntia basilaris growing in the Death Valley:
evidence from 77K fluorescence and quantum yield. Oecologia
71: 221-228.

Altesor A, Ezcurra E. 1992. Changes in photosynthetic metabolism
during the early ontogeny of four cactus species. Acfa Oecologica
13. 777, 785.

Contreras C, Valverde T. 2002. Evaluation of the conservation status
of a rare cactus (Mammillaria crucigera) through the analysis of
its population dynamics. Joumnal of Arid Environments 51. 89-
102.

De la Barrera E, Andrade JL. 2005. Challenges to plant megadiversity:
how environmental physiology can help. New Phytologist 167: 5-
8.

Diario Oficial de la Federacion. 2001. Norma Oficial Mexicana que
determina las especies y subespecies de flora y fauna silvestres
terrestres y acuaticas en peligro de extincion, amenazadas,
raras, y las sujetas a proteccion especial y que establece
especificaciones para su proteccion. NOM-059-ECOL. 2001.
México, Distrito Federal.

Duran R, Trejo-Torres JC, Ibarra G. 1998. Endemic phytotaxa of the
Peninsula of Yucatan. Harvard Papers in Botany 3: 263-273.

Esparza-Olguin L, Valverde T, Vilchis-Anaya E. 2002. Demographic
analysis of a rare columnar cactus (Neobuxbaumia
macrocephala) in the Tehuacan Valley, Mexico. Conservation
Biology 103: 349-359.

82






experimental reintroduction sites. American Journal of Botany 91:
689-698.

Maxwell C, Griffiths H, Borland AM, Young AJ, Broadmeadow SJ,
Fordham MC. 1995. Short term photosynthetic responses of the
Cs-CAM epiphyte Guzmania monostachia var. monostachia to
tropical seasonal transitions under field conditions. Australian
Journal of Plant Physiology 22: 771-781.

McAuliffe JR. 1984. Sahuaro-nurse tree association in the Sonoran
Desert: competitive effects of sahuaros. Oecologia 64:319-321.

Méndez M, Duran R, Olmsted |. 2004. Population dynamics of
Pterocereus gaumeri, a rare and endemic columnar cactus of
Mexico. Biotropica 36: 492-504.

NOM-059-ECOL. 2001. Norma Oficial Mexicana que determina las
especies y subespecies de flora y fauna silvestres terrestres y
acuaticas en peligro de extincion, amenazadas, raras, y las
sujetas a proteccion especial y que establece especificaciones
para su proteccion. Ciudad de Meéxico: Diario Oficial de la
Federacion.

Nobel PS. 1988. Environmental biology of agaves and cacti. New York:

Cambridge University Press.

Orellana R. 1999. Evaluacién climatica. In: Aflas de procesos
territoriales de Yucatan. A. Garcia A, Cérdova J, eds. Yucatan:
Facultad de Arquitectura, Universidad Auténoma de Yucatan.

Pierce S, Winter K, Griffiths H. 2002. The role of CAM in high rainfall
cloud forests: an in situ comparison of photosynthetic pathways in
Bromeliaceae. Plant, Cell and Environment 25: 1181-1189.

Pierson E, Turner R. 1998. An 85-year study of Saguaro (Carnegia
gigantea). Ecology 79: 2676-2693.

Schmalzel RJ, Reichenbacher FW, Rutman S. 1995. Demographic
study of the rare Coryphanta robbinsorum (Cactaceae) in
southeastern Arizona. Madrofio 42: 332-348.

Steenbergh WF, Lowe CH. 1977. Ecology of the saguaro: II.
reproduction, germination, establishment, growth and survival of
the young plant. Monograph Series 8. Washington: National Park
Service Scientific Series.

Valiente-Banuet A, Godinez-Alvarez H. 2003. Population and
community ecology. En: Cacti. Biology and uses. Nobel PS, ed.
Los Angeles: University of California Press.

84












El metabolismo &acido de las crasulaceas es benéfico para la
supervivencia de plantulas porque bajo condiciones de estrés hidrico
e irradiacién y temperatura elevadas disminuye la susceptibilidad a
fotoinhibicion cronica del aparato fotosintético.

En condiciones de irradiacion baja ocurrié la mayor concentracion de
clorofila en el tejido, lo cual permitiria una mayor absorciéon de
fotones. En contraste, en condiciones de irradiacién elevada ocurrié
la mayor concentracién de carotenoides en el tejido, lo cual
permitiria un aumento en la capacidad de fotoproteccion.

Las acciones para incrementar la supervivencia de plantulas deben
incluir la conservacion de la vegetacion nativa; que las semillas y
plantulas sean colocadas de 10 a 15 cm, con orientacién norte-sur
con relacién al tronco principal de las plantas nodriza y el desarrollo
de un plan de riego in situ durante periodos criticos.

Las acciones para incrementar la tasa de crecimiento de individuos
adultos deben incluir perturbaciones de baja intensidad, como la
cosecha de palmas para elaborar escobas o la cosecha de tunas,
que permitan mayor exposicion al flujo de fotones ambiental.

Los esfuerzos de reintroduccién deben incluir la generaciéon de un
indice de Productividad Ambiental que permita la evaluacion precisa
de los sitios adecuados, asi como estudios de genética de
poblaciones para determinar el grado de afinidad genética entre
poblaciones.

El indice de Productividad Ambiental permitiria ademas predecir la
tasa de crecimiento bajo diferentes escenarios, incluso bajo los
cambios globales que se predicen para estas zonas.
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