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Table 1 Ecological features of the three Neobuxbaumiaspecies studied

Species Habitat Distribution range ~ Population Pollinators Type of rarity sensu
densities® Rabinowitz et al. (1981)
(plants/ha)
N. macrocephala
Xerophytic shrubland and Tehuacan Valley 129-200 Leptonycteris curosoae, Narrow distribution
tropical dry forest L. nivalis, range; low densities;
Choeronycteris mexicana high habitat specificity
N. tetetzo
Xerophytic shrubland and Tehuacan—Cuicatlan 1,200-1,800 Leptonycteris curosoae, Narrow distribution
tropical dry forest region Artibeus jamaicensi, range; high densities;
Choeronycteris mexicana high habitat specificity
N. mezcalaensis
Thorny shrubland Tehuacan—Cuicatlan 1,000-1,680 Leptonycteris curosoae, Large distribution

and tropical dry forest region and River

Balsas Basin

L. nivalis, range; high densities;
Choeronycteris mexicana high habitat specificity

# The range of densities refers to a sample of 8-15 populations/species (Ruedas et al. 2005)

regional scale (Carter and Prince 1981; Hanski 1989);
(3) finally, the use of demographic analyses appears
appropriate for addressing questions regarding popu-
lation numbers; in fact, demographic studies have of-
ten been acknowledged as potentially important tools
for increasing our insight into the causes of rarity
(Lande 1988; Gaston 1994; Schemske et al. 1994,
Bevill and Louda 1999). In this paper we offer an
example of this latter approach by analysing the
population dynamics of three cactus species along a
rarity gradient. We aim to identify general demo-
graphic traits accounting for the differences in the
abundance patterns between the rare and the more
common species. An additional significant aspect of
our study system is that the three species studied be-
long to the same genus. The advantage of comparative
studies on congeneric or closely related species is that
they maintain the phylogenetic effect to a minimum
when contrasting particular life history traits (Harvey
and Pagel 1991; Silvertown and Dodd 1996; Esparza-
Olguin 2004). This comparative approach to the
analysis of plant rarity has seldom been used in the
context of plant demography (but see Fielder 1986,
1987; Garcia et al. 2002 for exceptions).

Most of the recent studies analysing the demogra-
phy of plant species have used transition matrix models
(e.g. van Groenendael and Slim 1988; Menges 1990;
Horvitz and Schemske 1995; Oostermeijer et al. 1996;
Valverde and Silvertown 1998; Mandujano et al. 2001).
These deterministic matrix models assume that demo-
graphic behaviour does not change in time and thus
project the dynamics of an exponentially growing
population. Although this is seldom the case, the re-
sults of such deterministic models are valuable in the
sense that they project the current demographic
behaviour into the future and thus represent the
potentiality of the present conditions (Caswell 2001).
Since natural populations generally show variation in
their demographic behaviour, the comparison of a

series of annual matrices for a given population is an
effective way of addressing such demographic variation.
The differences in abundance which determine the
varying degree of rarity of plant species must be related
to some degree to the patterns described by this
temporal demographic variation (de Kroon et al. 2000;
Higgins et al. 2000).

In this study we analyse the demographic behaviour
of three columnar cactus species that differ in their
degree of rarity. Neobuxbaumia macrocephaldF. A.
C. Weber) Dawson is the rarest of the three, followed
by Neobuxbaumia tetetzo(Coulter) Backeberg and fi-
nally by Neobuxbaumia mezcalaensi@Bravo) Backe-
berg, which shows a broader distribution range and
higher overall population densities compared to the
other two (Table 1). We studied one population of
each species over a 3-year period and analysed
the demographic variation between yearly transi-
tion matrices. We aimed to answer the following
questions.

1. Are any particular demographic traits associated with
the different levels of rarity displayed by these spe-
cies?

2. How does demographic behaviour vary through time
for each species?

We expect that the answers to these questions will
contribute to our understanding of the mechanisms
that effectively limit population numbers, thus deep-
ening our insight into the demographic causes of rar-

1ty.

Materials and methods
The study site

This study was carried out in the Tehuacan Valley, near
Zapotitlan Salinas, in the Mexican State of Puebla



(18 204N, 97 28®W). This area is part of the Tehuacan—
Cuicatlan Biosphere Reserve, in Central Mexico, which
is well known for its high diversity of cacti and other
succulents (Zavala-Hurtado 1982; Davila-Aranda et al.
1995). The Zapotitlan Salinas area has a sub-arid cli-
mate with an annual mean temperature of 18-22 C, and
annual total rainfall of ca. 400 mm, 70% of which falls
during the rainy season, between June and September
(Zavala-Hurtado 1982; Zavala-Hurtado and Diaz-Solis
1995). The soils in this area are calcareous, rocky and
shallow, with low organic matter content (8.87%) and
extremely low fertility [P, 7 ppm; K, 0.76 ppm; Ca,
39.28 ppm; N, 0.27% (Ruedas et al. 2005)]. The vege-
tation in the area is a xerophytic shrubland dominated

231

flowers emerge in late spring. Fruits are also purple in
colour and ripen early in the summer (Arias-Montes
et al. 1997; Valiente-Banuet et al. 1997). This species is
found only in the Tehuacan Valley where it generally
forms sparse populations. Due to its low population
numbers and narrow distribution range, this species is
considered the rarest of the three included in this study
(Table 1).

The seeds of these Neobuxbaumiaspecies are dis-
persed by bats and birds (Valiente-Banuet et al. 1997;
Godinez-Alvarez et al. 1999); this type of biotic seed
dispersal may favour germination and seedling estab-
lishment by allowing the seeds to reach microenviron-
ments under the shade of nurse plants, where the success

by columnar cacti such as Myrtillocactus geometrizans of these life cycle stages is enhanced (Valiente-Banuet

(C. Mart.) Console,
(Karw.) Schuman and the three Neobuxbaumiaspecies
included in this study. Also globose and barrel-like cacti

Cephalocereus columna-trajaniand Ezcurra 1991; Godinez- Alvarez et al. 2002). The

long flight distances of these dispersal vectors suggest
that dispersal limitation is not responsible for their dis-

such as Mammillaria sp., Echinocactussp., Coryphanta tribution limits.

sp. and Ferocactussp., as well as other succulents such
as Agave sp. and Yucca sp. are abundant. Other
important physiognomic elements are shrubs and small
trees such as Cercidium praecoXRuiz and Pav.) Harms,
Prosopis laevigataf Humb. and Bonpl. Ex. Willd) M.C.
Johnst., Acaciasp. and Mimosa sp., which colonize open
spaces and constitute nurse plants for many cacti and
other succulents (Valiente-Banuet and Ezcurra 1991;
Godinez-Alvarez et al. 1999; Ruedas et al. 2005). The
three Neobuxbaumia species studied occupy slightly
different environments within the study area (Ruedas
et al. 2005). Thus, a different location was chosen to
study the population dynamics of each species, although
the three sites were relatively close to each other
(3—14 km apart).

The species

N. mezcalaensis a non-branching columnar cactus that
may reach over 10 m in height. It flowers between April
and June. Its flowers are borne all along the stem and are
white in colour. Its fruits are greenish to reddish (Arias-
Montes et al. 1997, Valiente-Banuet et al. 1997).
According to its high population densities and relatively
broad distribution range, this species may be considered
as the most common of the three included in this study
(Table 1).

N. tetetzois a branching columnar cactus that reaches
about 15 m in height. It flowers between May and July.
Its flowers are produced on branch tips and are white in
colour; fruits are green and fleshy (Arias-Montes et al.
1997; Godinez- Alvarez et al. 1999). This species is usu-
ally found forming dense populations; yet, its distribu-
tion range is narrower than that of N. mezcalaensisthus
we consider it as having an intermediate level of rarity
(Table 1).

N. macrocephalais a branching columnar cactus
that may also reach ca. 15 m in height. Branch tips
bare a reddish pseudo-cephalium from which purple

Field methods

At each location we set permanent transects in which
all Neobuxbaumiaindividuals were located; a metal tag
with an ID number was attached to each plant. The
number and size of permanent transects varied between
sites, depending on population density. These func-
tioned as a grid in which individual plants could be
allocated X and y coordinates to allow relocation dur-
ing the study period. In summer 1999 ca. 350 individ-
uals were tagged in each population. The size of each
individual plant was recorded at the beginning of the
study by measuring stem length with a measuring rod.
In the case of branching plants, we marked and mea-
sured each branch individually. We added up the stem
lengths of all the stems of a plant to obtain total plant
size, and used this variable to categorize plants in size
classes (Table 2).

In summer 2000, 2001 and 2002 populations were
visited and plants were relocated and measured again.
Size-specific survival and growth probabilities were cal-
culated from the proportion of individuals in each size
class that died, remained in the same size class or grew to
the following size class from one year to the next.
Fecundity was given in ‘“‘seedling” units, since our
observations suggest that the seeds produced during
each summer (i.e. the rainy season) do not accumulate
for long periods in the soil but rather germinate within a
few weeks or die. Thus, size-specific fecundities were
estimated through the combination of two parameters:
(1) observations on fruit and seed production, and (2)
seed germination experiments (since naturally germi-
nating seeds and emerging seedlings were very difficult to
observe due to their small size and low frequency in
natural conditions), as detailed in the following para-
graphs.

The number of fruits produced per plant was evalu-
ated each year during the reproductive season (i.e.
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Table 2 Size categories (in relation to total plant length; cm) used
to describe the demography of N. macrocephala N. tetetzo and
N. mezcalaensis

Category N. macrocephala N. mezcalaensis Life cycle stage
N. tetetzo
1 0-1 0-1 Seedlings
2 1.1-5 1.1-5 Juveniles
3 5.1-15 5.1-15 Juveniles
4 15.1-45 15.1-45 Juveniles
5 45.1-120 45.1-120 Juveniles
6 120.1-200 120.1-200 Juveniles
7 200.1-500 200.1-350 Adults
8 500.1-900 350.1-550 Adults
9 900.1-1300 550.1-750 Adults
10 >1,300 > 750 Adults

April-August) through monthly counts. The mean
number of seeds per fruit was determined from a col-
lection of ca. 20 fruits per species each reproductive
season.

Seed germination experiments were carried out in
August 2000 and 2001 in each of the study sites. In
August 2000, twenty batches of 25 seeds per species
were planted in the field. Each batch of 25 seeds was
sown within a mesh cylinder (20 cm in diameter, 5 cm
tall) partially sunk in the ground to allow relocation;
the effect of the cylinder on seed survival was consid-
ered negligible. Ten of these cylinders were set in open
areas and ten under the shade of nurse plants. Seed
germination was followed daily for the first 10 days
and then monthly for 3 months. Given a high seed
availability in 2001, seventy-five seeds were used in
each of the 20 seed batches sown in the field for each
species in August 2001. Again in this second year ten
batches were sown in open areas while the remaining
ten were sown under the shade of shrubs, and seed
germination was followed daily for the first 10 days
and then monthly for the following 3 months. Seed
germination probability for each species was obtained
from these experiments, averaging the results of the
two treatments (i.e. in the open and under a nurse
plant). By planting half of the experimental seeds in
open areas and half under the shade of nurse trees we
assumed that the chance of a seed falling in either of
these microenvironments is equivalent, which is a rea-
sonable assumption considering that indeed, ca. 50%
of the area is covered by vegetation.

As seedlings are extremely rare in the three popu-
lations studied, we estimated seedling survival proba-
bilities from one year to the next from seedling
survival experiments carried out in 2000 and 2001. We
germinated seeds of each Neobuxbaumiaspecies in a
greenhouse in May of each year, and introduced the
resultant seedlings to the field in August, when they
were 2 months old. In August 2000 we introduced 100
seedlings of each species to their corresponding site;
we planted ten groups of ten seedlings each, five of
these under the shade of shrubs and five in open

areas. To allow relocation, seedlings were planted
within the same type of mesh cylinders used for the
germination experiments. Seedling survival was fol-
lowed monthly for a year. In August 2001 we carried
out a similar experiment, but in this case we used 12
groups of 36 seedlings each for N. macrocephalaand
N. mezcalaensisand 12 groups of 30 seedlings each
for N. tetetzo. For each year and species, seedling
survival curves were compared pairwise (exposed vs.
shaded microsites) according to the methods used by
Pyke and Thompson (1986). This statistical test in-
volves the calculation of a log-likelihood ratio (LR)
which is compared with a v? distribution; LR
summarizes the difference between two survival
curves based on the observed mortality rate of each
cohort.

To calculate the matrix entries representing seedling
survival, the results of the two treatments (i.e. exposed
and shaded microsites) were averaged. We are aware
that by planting 2-month-old seedlings in these
experiments, we were unable to evaluate the extent of
the mortality risk during the very early stages
of seedling growth; thus, the seedling survival
probabilities reported here must be somewhat overes-
timated.

Population projection matrices

We built three population projection matrices (periods
1999-2000, 2000-2001 and 2001-2002) for each of the
studied species. As mentioned above, transition prob-
abilities among size classes were estimated as the rel-
ative frequencies of each observed transition from
1 year to the next. In some cases (N. macrocephala
2000-2001; N. tetetzo 1999-2000, 20002001 and N.
mezcalaensid 999-2000, 2000-2001 and 2001-2002) no
deaths were observed in the largest size classes, thus,
their observed survival probability equalled unity.
However, using a value of 1 for the persistence of the
largest adults would imply that plants are immortal,
which is certainly not the case. Thus, mortality rate
for these size category was calculated as the inverse of
category length (in years), estimated according to the
observed annual growth rate, as detailed by Enright
and Ogden (1979). Mortality rates for individuals in
smaller size categories were calculated from observed
deaths; when no dead plants were found in these
categories, individuals were assumed to leave the cat-
egory by growing and reaching the following size
category.

Fecundity entries were calculated by multiplying the
mean number of seeds produced per individual by the
probability of seed germination obtained from the seed
germination experiments described above. The proba-
bilities of seedling survival for the 1999-2000 and
2000-2001 matrices were obtained from the seedling
survival experiments set during the summer of 2000,
while the results of the experiment that started in the



summer of the 2001 were used to calculate the 2001-
2002 matrices.

Population growth rate (k), stable size-class distri-
butions and size-specific reproductive values were cal-
culated through the power method. The 95% confidence
intervals for k were calculated using the analytical
method proposed by Alvarez-Buylla and Slatkin (1994).
According to this method, the variance (V) of k (from
which confidence intervals were derived) may be calcu-
lated as:

() =Y, (64/5a,)*V (ay)

+ D (04/0a)(82/5a;)COV(ayj, ay).

(1)

Since transition probabilities show a binomial distri-
bution, their V was calculated as:

V(ay) = ai((1 — a;)/n). (2)

The covariance (COV) between a pair of transitions
from the same initial category was calculated according
to a multinomial distribution as:

COV(a,»j,akj) = —aijakj/n. (3)

The V of fecundity entries was calculated according
to the variation observed in relation to fruit production
between individuals in each size category (Alvarez-
Buylla and Slatkin 1994).

Elasticity matrices were calculated as described by
de Kroon et al. (1986). Finally, from the three annual
matrices obtained per species, we calculated average
matrices, as well as the coefficient of variation (CV) of
the different matrix entries; the latter allowed us
to identify the entries that varied the most between
years.

Life table response experiments

We used life table response experiments (LTRE) to
identify which matrix entries contributed more impor-
tantly to the observed variation in k for each species.
In contrast to elasticity analyses, which address the
relative contribution of matrix entries to K in a pro-
spective way (i.e. by providing information on how
much k would change if matrix entries were modified),
LTRE explore the contribution of matrix entries to the
observed variation in K in a retrospective way [i.e. they
provide information on how much k did change as
particular matrix entries varied (Horvitz et al. 1997;
Wisdom and Mills 1997; Caswell 2000; Sather and
Bakke 2000)]. LTRE are based on the construction of
contribution matrices derived from the observed vari-
ation in matrix entries combined with their sensitivities
(Caswell 2000, 2001). These contribution matrices
indicate the extent to which each matrix entry was
responsible for increasing or decreasing the k value of
its respective transition matrix compared to the k value
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of the average matrix. As the entries in a contribution
matrix are additive, they can be summed by demo-
graphic process (i.e. fecundity, growth, stasis and ret-
rogression), as is traditionally done in the case of
elasticities.

In this study we performed one LTRE per species to
analyse how inter-annual variation in matrix entries
contributed to variation in K. Additionally, we carried
out a LTRE to analyse variation between species and
identify which matrix entries were responsible for
increasing or decreasing the k, value of each species in
relation to the k value of a grand mean matrix obtained
by averaging the three average matrices (one per spe-
cies). Thus, we used one-way fixed design LTRE, fol-
lowing the methods described in Caswell (2001).

Results
Seed germination and seedling establishment

During the summer of 2000 the number of seeds that
were observed germinating in the field experiments was
very low for the three Neobuxbaumiaspecies studied
(Table 3). In all three cases the difference between
germination percentage in exposed and shaded micro-
sites was not statistically significant (N. macrocephala
t=1.865, df=9, P=0.095; N. tetetzo, t=0.430, df=9,
P=0.667; N. mezcalaensist=0.799, df=9, P=0.445).
In 2001 germination percentages were higher than in
the previous year for all species (Table 3). For N.
macrocephala28 out of 250 seeds germinated in shaded
microsites, while only seven out of 250 germinated in
exposed microsites; this difference was marginally sig-
nificant (t=1.982, df=9, P=0.079). In the cases of N.
mezcalaensisand N. tetetzo the difference between
germination percentages in exposed and shaded mi-
crosites was statistically significant this year (t=3.363,
df=9, P=0.008 and t=2.667, df=9, P=0.026,
respectively).

The results of an ANOVA designed to explore the
effect of species, year and microsite on seed germination
percentage (arcsin transformed for linearity) indicated
that the effect of the three factors was significant, as well
as the interaction between species and year, which
indicates that the effect of year was not the same for all
species (Table 4).

In 2000 we observed a significantly higher seedling
mortality in the exposed than in the shaded microsites in
all three species (Fig. 1a). All N. macrocephalaseedlings
planted in the exposed microsite died within the first
month; 100% mortality in these microsites was reached
after 2 months in N. tetetzo and after 6 months in N.
mezcalaensisIn contrast to these results, seedling sur-
vival did not differ significantly between shaded and
exposed microsites in 2001 (Fig. 1b). Yet, 100% mor-
tality in the exposed microsites was reached after
7 months in N. tetetzao while for the other two species
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Table 3 Mean germination percentages (£ SD) obtained in the field experiments during the summers of 2000 and 2001 for the three

species studied

Year N. macrocephala N. mezcalaensis N. tetetzo
Exposed microsites 2000 0.4+0.316 1.6 £0.996 2.0+1.080
Germination (%) 2001 2.8+1.337 6.0+2.915 3.6+1.729
Shaded microsites 2000 6.0+£2.273 2.4+0.843 2.8+1.494
Germination (%) 2001 11.2+2.7 290.2+3.234 13.6+2.171
Mean % germination 2000 3.2+1.735 2.0+0.889 24+1.273
2001 7.0+£2.337 17.6+4.223 8.6+2.300

some seedlings were still alive in these microsites after
9 months.

Population dynamics

The 3-yearly transition matrices built for N. macrocep-
hala, N. tetetzo and N. mezcalaensisare reported in
Appendix 1 and the main results are summarized in
Table 5. These show several common features; for in-
stance, in all cases fecundity increased and mortality
decreased with increasing plant size, thus, seedlings
showed the highest mortality rate, whereas all adult
categories showed very low mortality. In fact, in the case
of N. mezcalaensighe largest size category showed no
mortality at all during the whole study period (from
1999 to 2002), while for N. tetetzo the death of the
largest adults was observed only in 2002; and for N.
macrocephalan 2000 and 2002.

Another common feature for all species and years
was the slow individual growth rate, which was notice-
able in the higher values of the entries corresponding to
stasis or persistence in the same size category compared
to values corresponding to growth (Appendix 1). All
these features are also apparent in the average matrices
reported in Table 6; entries in these matrices are mean
values of the 3-yearly transition matrices reported in
Appendix 1 and thus incorporate the effect of temporal
demographic variation. According to the k, values ob-
tained from these average matrices, the populations of
N. macrocephalaand N. tetetzo are close to the numer-
ical equilibrium; however, the k, value of the N. mez-
calaensismatrix suggest a growing population, i.e. K4 is
significantly above unity (Table 6).

Table 4 Results of the ANOVA performed to test the effect of
species, year and microsite (shaded vs. exposed) on the germination
percentages obtained in the field experiments

Factor MS df F P

Species 0.027 2 4.424 0.0142
Year 0.219 1 35.583 0.0000
Microsite 0.199 1 32.325 0.0000
Specie - year 0.039 2 6.335 0.0025
Specie - microsite 0.012 2 1.931 0.1500
Year - microsite 0.098 1 16.063 0.0001
Specie - microsite - year 0.025 2 4.068 0.0198

k values obtained from average matrices show an
interesting correspondence with observed population
structures (Fig. 2). The N. macrocephalaand N. tetetzo
populations (which show k, values close to unity;
Table 6) show population structures in which the
smallest size classes have lower relative abundance
compared to the intermediate ones, whereas N. mezcal-
aensis (with a higher k, value) shows a population
structure that reflects a growing trend, i.e. with high
relative abundance of the smallest size categories
(Fig. 2). Note, however, that seedlings are not repre-
sented in the population structure histograms, since no
seedlings were observed in the field. This confirms that
the seedling stage is an important population bottleneck
for all three species.

The temporal variability observed in matrix entries
may be analysed through their CV (Table 6). These CV
values were highest in matrix entries corresponding to
retrogression, which was related to the fact that, in
general, these particular transitions were positive in
only one of the three study periods. Regarding varia-
tion in other matrix entries, the lowest CV values were
observed in matrix entries corresponding to stasis,
followed by those denoting growth. The transition
representing seedling establishment (categories 1-2) was
one of the growth entries that showed high CVs in N.
tetetzoand N. mezcalaensiswhile in N. macrocephalait
showed no variation at all. Finally, fecundity entries
showed high CV values in all three species, with N.
mezcalaensisind N. tetetzo showing higher CV values
in fecundity entries compared to N. macrocephala
(Table 6).

Elasticity analysis

The general pattern of the elasticity matrices obtained
from the average matrices was similar between species
(Table 6). A common feature of elasticity matrices was
that retrogressions and fecundity elements contributed
very little to kK. In addition, growth transitions made
only a modest contribution to the observed k. In gen-
eral, matrix entries referring to stasis showed the largest
elasticity values. In all cases the highest elasticity values
were found in the persistence of individuals in interme-
diate size categories (4-7). These trends were also
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Fig. 1 Survivorship curves (log li) for the seedling cohorts intro-
duced to the field in exposed (“lled circle) and shaded (“lled
diamond microsites in a summer 2000 and b summer 2001. The

apparent in the elasticity of yearly transition matrices
(Appendix 2). In all cases, the stasis elements of elasticity
matrices contributed 80-90% of total elasticity
(Appendix 2).

Although fecundities had low elasticity values, these
entries had large CVs (Table 6). Thus, variation in
fecundity clearly has the potential to significantly af-
fect k, as corroborated by the results of the following
section. Yet, fecundity entries were a combination of
two different vital rates: germination success and seed
production. To evaluate which of these vital rates
made a larger contribution to Kk, we performed
numerical simulations using the average matrices
(Table 6) modifying the value of each of these two
components independently, and recording the resultant
changes in k5. The results show that changes in ger-
mination success had a lower impact on k, than
equivalent proportional changes in fruit production in
the three species studied (Fig. 3).

Table 5 k values with lower and upper confidence interval limits
obtained for each species in each of the study periods. Data in bold
indicate the cases in which the calculated k value was significantly
above unity

Period k value Lower—upper limit
N. macrocephala

1999-2000 1.045 0.992-1.098
2000-2001 1.009 0.955-1.063
2001-2002 1.027 0.956-1.098
N. tetetzo

1999-2000 0.978 0.931-1.025
2000-2001 1.005 0.966-1.044
2001-2002 1.034 0.975-1.093
N. mezcalaensis

1999-2000 1.000 0.957-1.043
2000-2001 0.992 0.946-1.038
2001-2002 1.091 1.003-1.179
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Neobuxbaumia mezcalaensis

LR=49.399, df= 1, P< 0.0001 LR=9.633, df= 1, P<0.0019

log (Ix)

Feb Apr Jun Aug Oct Dec Feb Apr Jun

Neobuxbaumia mezcalaensis
LR=1.134, df= 1, P< 0.2869 37 LR=2.519, df= 1, P<0.1903
2.5 1

2

Dec Feb Apr

values of the log-likelihood ratio (LR) in each graph correspond to
the LR obtained from the comparison of the pair of curves in each
graph. Note that the scales of the x- and y-axes differ for a and b

Life table response experiments

These analyses allowed us to identify which demo-

graphic processes (i.e. fecundity, growth, stasis or

retrogression) contributed more importantly to the

increase or decrease in the yearly k values compared

to the corresponding k, for each species. In N. mac-

rocephalathe low k value of the 2000-2001 period was

given by a decrease in growth, and an increase in

stasis, whereas the higher k values of 1999-2000 and

2001-2002 were characterized by the inverse pattern

(Fig. 4a). In contrast, in the case of N. tetetzo large

fecundity values in 2001-2002 and low fecundity val-

ues in 1999-2000 and 2000-2001 had an important

impact on k (Fig. 4b). Finally, the impact of variation

in fecundity was clearly apparent in N. mezcalaensis
in which high fecundity values contributed to a

marked increase in k in the 2001-2002 period

(Fig. 4c). Note that the graphs of Fig. 4 show varying

scales in the Xx-axis, which reflect that the extent of the

variation in k differed in each species; N. mezcalaensis
showed by far the largest variation.

The results of the LTRE in which the three species
were compared show that high fecundity values were
responsible for the high ks value of N. mezcalaensis
(Fig. 4d).

Discussion

In this study we have addressed the differing level of
rarity of three Neobuxbaumiaspecies by exploring the
yearly variation in their population dynamics. Despite
the fact that the studied species are long-lived perennials
(apparently plants may live for over 300 years) in which
relevant population processes may occur at the scale of
decades (Pierson and Turner 1998), several interesting
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Table 6 Average population projection matrices for each species [N. macrocephalgn= 5 matrices), N. tetetzo (n=3) and N. mezcalaensis
(n=3)], with their corresponding elasticity matrices and coefficients of variation (CV) for matrix entries. Data given in boldin the elasticity
matrix are the highest values

Size 1 2 3 4 5 6 7 8 9 10

N. macrocephala

Average matrix

ka=1.036+0.038

1 35.032 148.507 214.549 491.983
2 0.070 0.587 0.029

3 0.268 0.776 0.020

4 0.079 0.840 0.006

5 0.057 0.885 0.015

6 0.054 0.901 0.017

7 0.058 0.931 0.010

8 0.043 0.859 0.118

9 0.084 0.748 0.030
10 0.134 0.898
Elasticity matrix size

1 0.013 0.024 0.013 0.037
2 0.014 0.021 0.001

3 0.015 0.052 0.001

4 0.014 0.073 0.0003

5 0.014 0.108 0.001

6 0.014 0.143 0.002

7 0.016 0.208 0.001

8 0.012 0.105 0.006

9 0.013 0.045 0.002
10 0.008 0.067
CvV

1 34.285 40.837 37.834 58.898
2 0.00 6.282 44.828

3 12.974 7.708 173.21

4 66.447 5.952 173.21

5 59.905 5.883 173.21

6 58.002 5.584 86.794

7 50.089 4.128 173.21

8 34.947 4.183 173.21

9 57.230 18.942 173.21
10 52.932 4.934
N. tetetzo

Average matrix

ka=1.037+0.083

1 25.839 79.785 122.443 374.022
2 0.053 0.714 0.025

3 0.110 0.862 0.012

4 0.054 0.893 0.010

5 0.072 0.927

6 0.052 0.876

7 0.104 0.962 0.026

8 0.029 0.873 0.018

9 0.077 0.847 0.016
10 0.068 0.936
Elasticity matrix

1 0.005 0.006 0.002 0.004
2 0.017 0.040 0.001

3 0.018 0.090 0.001

4 0.018 0.114 0.001

5 0.018 0.149

6 0.017 0.093

7 0.017 0.225 0.001

8 0.013 0.071 0.001

9 0.006 0.029 0.001
10 0.004 0.037




Table 6 Continued

Size 1 2 3 4 5 6 7 8 9 10
Cv

1 173.21 172.39 165.95 162.36
2 21.65 6.91 48.00

3 33.06 4.01 173.21

4 35.37 8.37 173.21

5 90.62 1.67

6 32.05 1.92

7 40.63 1.68 87.37

8 3.448 9.85 173.21

9 42.50 4.69 173.21
10 34.46 2.84
N. mezcalaensis

Average matrix

ka=1.087+0.062

1 71.621 907.375 2079.912 2102.090
2 0.069 0.754 0.027

3 0.132 0.853

4 0.037 0.866 0.012

5 0.060 0.919

6 0.046 0.922

7 0.078 0915

8 0.085 0.880

9 0.120 0.864

10 0.117 0.886
Elasticity matrix

1 0.002 0.012 0.016 0.011
2 0.020 0.050 0.001

3 0.021 0.083

4 0.020 0.087 0.0005

5 0.021 0.124

6 0.020 0.125

7 0.020 0.118

8 0.018 0.083

9 0.018 0.075

10 0.011 0.051
CvV

1 172.89 172.71 171.43 170.94
2 48.30 13.46 69.28

3 27.62 2.29

4 64.58 4.81 86.71

5 62.77 2.66

6 41.48 3.79

7 45.02 6.12

8 65.63 8.32

9 60.84 10.53

10 87.85 4.36

trends that appear to relate to the species’ level of rarity
were apparent. First of all, the only annual transition
matrix with a k value significantly above unity corre-

sponded to the most common species, N. mezcalaensis

(k=1.091+0.088, for the 2001-2002 period; Table 5).
This fact determined that the k5 value was highest for
this species. Thus, despite the short time scale of our
study compared to the longevity of these plants, the
results appear to account to some degree for the higher
population densities of N. mezcalaensigompared with
the other two species.

Secondly, several demographic features help explain
the low population numbers of N. macrocephala This
species showed the lowest germination rates (see also

Ramirez-Padilla and Valverde 2005), and the lowest
variation in seedling establishment and fecundity values;
in addition, the frequency of adult mortality in this
species was higher than in the other two.

Thus, a certain relationship was observed between k
and rarity; the integration of the demographic variation
observed over 3 years in the average matrices resulted in
a higher k, value for the most common species, N.
mezcalaensiscompared to the other two.

Most of the population projection matrices obtained
in this study yielded a k value statistically indistin-
guishable from unity. This was also the case for two
annual matrices previously reported for N. macrocephala
(Esparza-Olguin et al. 2002). Considering that the three
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Fig. 2 Mean relative abundance of individuals (£ SD) observed in
each size category between 1999 and 2002 for a N. macrocephalab
N. tetetzo and ¢ N. mezcalaensisCategory 1 is not shown in these
graphs because no seedlings were observed in the field

Neobuxbaumia species studied are long-lived, slow-
growing plants, ks close to unity are not a surprise
(Silvertown et al. 1993). This type of demographic
behaviour has also been found in other rare plants and
may be accounted for by high survival rates of adult
plants and low recruitment due to the high vulnerability
of early life-cycle stages (Fielder 1987, Damman and
Cain 1998; Contreras and Valverde 2002; Rae and Ebert
2002; Valverde et al. 2004). The latter was apparent in
the low seed germination and seedling survival rates
observed in all three Neobuxbaumiaspecies.
Germination of Neobuxaumiaseeds is limited mainly
by the poor soil moisture and high temperatures that
characterize semi-arid environments (Ramirez-Padilla
and Valverde 2005). When seeds germinate, the resultant
seedlings are highly vulnerable to drought, predation
and other mortality factors (Valiente-Banuet and Ez-
curra 1991; Altesor et al. 1993; Mandujano et al. 1996;
Contreras and Valverde 2002; Valverde et al. 2004).
Both seed germination and seedling survival showed low
values in the three Neobuxbaumiaspecies studied. The

highest average values were obtained in N. mezcalaensis

in 2001-2002 (germination percentage =17.6%, seedling
survival =11%), which were responsible in part for the
high k value obtained for this species in this period.
Thus, the differences in k between species and years were

1.12 7

1.1

1.08

1.06

1.04

Population Growth Rate
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Fig. 3 Changes in the value of k that resulted from increases or

decreases in the different components of the fecundity values, i.e.

germination success (continuous linesand seed production (dashed
lineg. Circles N. macrocephala, triangles N. tetetzesquares N.
mezcalaensisThe proportional decrease or increase in the relevant

value is indicated on the x-axis. Orig k value of the original

(unmodified) average matrices

determined to some extent by the dynamics of the early
life-cycle stages (Valverde et al. 2004), as confirmed by
the results of the LTRE and were related to their level of
rarity.

The high yearly variation in germination success ob-
served in N. mezcalaensisvas responsible, in part, for the
high CV of fecundity entries in this species. The other
factor that accounted for these high CV values was the
massive fruit production observed in this species during
the summer of 2001 [i.e. 10 times more fruits per plant
compared to the other two species (Esparza-Olguin and
Valverde 2003)]. This kind of mast seeding phenomenon
appears to be characteristic of N. mezcalaensis and
apparently also of N. tetetzo. Both local people and
biologists that have studied these columnar cacti for
several years, report the occurrence of reproductive
periods of massive blooming followed by several years in
which almost no fruits are produced (H. Godinez-Al-
varez, personal communication). During our study per-
iod we were able to witness one of these massive fruit
production events, which was particularly dramatic in N.
mezcalaensigEsparza-Olguin and Valverde 2003). Thus,
the high k value of the 2001-2002 period observed in this
species was accounted for by the substantial increase in
fecundity (i.e. fruit production and seed germination),
which in turn determined its high k5 value.

The discussion above emphasizes that high fecundity
values resulted in high deterministic ks. Yet, despite the
clear relationship between k and fecundity, this demo-
graphic process had low elasticity values in the three
species (Table 5, Appendix 2). In general, many long-
lived species and some rare plants with k values close to
unity, show this type of elasticity pattern in which
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Fig. 4a—d Results of the life table response experiments. Differ-
ences between years are analysed for a N. macrocephalgN. mac.), b
N. tetetzo (N. tet.) and ¢ N. mezcalaensigN. mez). a—c k value of
the relevant average matrix (4,) is given above the annual k values
are given on the right-hand side 1 Year 1 (1999-2000), 2 year 2
(2000-2001), 3 year 3 (2001-2002). d Overall differences between

population dynamics appear to depend mainly on
juvenile and adult survival rather than on seed produc-
tion and seedling establishment (Enright and Odgen
1979; Oyama 1993; Silvertown et al. 1993; Alvarez-
Buylla et al. 1996; Godinez-Alvarez et al. 1999; Con-
treras and Valverde 2002; Esparza-Olguin et al. 2002;
Rae and Ebert 2002; Valverde et al. 2004). Yet, it is
important to bear in mind that large variations in a
demographic transition with a low elasticity value may
have a greater impact on Kk than small variations in a
demographic transition that has a larger elasticity
(Silvertown et al. 1996; Ehrlen and van Groenendael
1998; de Kroon et al. 2000). The results of our LTRE
emphasize the importance of fecundity in this respect
and highlight the contrasting results that may be
obtained with elasticity (i.e. prospective) and LTRE (i.e.
retrospective) analyses.

In addition to average matrices, another way in which
yearly demographic variation may be incorporated into
matrix population models is through stochastic analyses
(Mandujano et al. 2001; Mondragon et al. 2004; Valv-
erde et al. 2004). When we applied such analyses to our
study system, the results (i.e. stochastic long-term Kk
values, data not shown) were very similar to the ka
values reported above. Thus, here we do not explore
them further.
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species (each averaged between years) are analysed; the k value of
the grand average matrix (Agym) is given aboveand the average k
values per species are given on the right-hand side Contributions
were grouped by demographic process: fecundity (white barg,
growth (grey barg, stasis (hatched bary and retrogression (dotted
bars). Note differences in the scale of the x-axis between figure parts

Although a 3-year demographic analysis is indeed
limited when describing the demographic behaviour of
long-lived species, we have shown that even within this
time period interesting results may emerge that could
contribute to our understanding of the contrasting
abundance patterns displayed by different species. As
long-term demographic studies become more available
in the literature, we will be able to confirm the role of
demographic variability in explaining long-term in-
creases or decreases in population numbers. In addition
to contributing to our knowledge of rarity patterns,
these studies would allow us to deepen our under-
standing regarding the best ways to preserve rare and
threatened species.
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Appendix 1

Population projection.matrices f_or the three §pecies studied. Rows  above each matrix. 0y Size-specific mortality rate, n, number of
and columns refer to size categories. Only positive values are shown  individuals from which transitions were calculated, w stable size-
to facilitate reading. k values=+95% confidence intervals are given  class distribution, v size-specific reproductive values

Size 1 2 3 4 5 6 7 8 9 10 w v

N. macrocephala
Period 1999-2000
k=1.045+0.053

1 21.174 98.892 124.712 159.214 0.687 0.000
2 0.070 0.545 0.021 0.100 0.002
3 0.273 0.750 0.093 0.004
4 0.125 0.875 0.068 0.009
5 0.063 0.862 0.045 0.026 0.026
6 0.069 0.864 0.010 0.068
7 0.091 0.974 0.013 0.123
8 0.026 0.900 0.002 0.208
9 0.050 0.857 0.091 0.001 0.300
10 0.143 0.847 0.001 0.260
Ox 0.930 0.182 0.104 0.063 0.069 0.000 0.000 0.050 0.000 0.063

N 100 22 48 48 58 22 38 40 14 11

Period 2000-2001

k=1.009+0.054

1 41.488 216.114 236.314 628.127 0.624 0.000
2 0.070 0.615 0.044 0.133 0.000
3 0.231 0.844 0.059 0.197 0.001
4 0.022 0.863 0.030 0.005
5 0.020 0.945 0.009 0.034
6 0.018 0.958 0.025 0.004 0.120
7 0.042 0.900 0.002 0.146
8 0.050 0.833 0.000 0.232
9 0.139 0.800 0.000 0.244
10 0.200 0.917 0.001 0.218
Ox 0.930 0.154 0.089 0.059 0.036 0.000 0.025 0.028 0.000 0.083

Ny 100 15 40 51 54 24 40 36 15 12

Period 2001-2002

k=1.027+0.071

1 42.435 130.516 282.620 688.607 0.676 0.000
2 0.070 0.600 0.022 0.117 0.001
3 0.300 0.733 0.120 0.001
4 0.089 0.783 0.019 0.045 0.005
5 0.087 0.849 0.022 0.013
6 0.075 0.880 0.027 0.012 0.029
7 0.040 0.919 0.031 0.005 0.106
8 0.054 0.844 0.353 0.002 0.143
9 0.063 0.588 0.000 0.223
10 0.059 0.929 0.000 0.479
Ox 0.969 0.100 0.156 0.130 0.057 0.080 0.000 0.063 0.000 0.071

Ny 360 10 45 46 53 25 37 32 17 14

N. tetetzo

Period 1999-2000

k=0.978 £0.047

1 0.000 0.001 0.014 0.063 0.009 0.003
2 0.060 0.662 0.025 0.002 0.050
3 0.141 0.850 0.037 0.002 0.113
4 0.075 0.815 0.001 0.176
5 0.148 0.933 0.004 0.165
6 0.033 0.889 0.001 0.221
7 0.111 0.970 0.036 0.605 0.177
8 0.030 0.786 0.053 0.134 0.048
9 0.107 0.842 0.048 0.141 0.027
10 0.053 0.905 0.101 0.020
Ox 0.090 0.197 0.050 0.000 0.033 0.000 0.000 0.071 0.053 0.048

N 100 71 80 27 30 18 34 27 19 21
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Size 1 2 3 4 5 6 7 8 9 10 w v
Period 20002001

k=1.005+0.139

1 0.000 0.748 10.325 47.322 0.426 0.000
2 0.060 0.760 0.037 0.126 0.007
3 0.120 0.901 0.145 0.014
4 0.037 0.964 0.132 0.033
5 0.036 0.938 0.070 0.038
6 0.063 0.882 0.036 0.040
7 0.059 0.943 0.042 0.041 0.084
8 0.029 0.875 0.048 0.011 0.183
9 0.083 0.810 0.005 0.241
10 0.095 0.950 0.008 0.359
O 0.940 0.120 0.025 0.000 0.000 0.059 0.029 0.000 0.048 0.050

Nk 100 50 81 28 32 17 35 24 21 20

Period 2001-2002

k=1.034+0.059

1 77.518 238.605 356.991 1074.681 0.830 0.000
2 0.040 0.721 0.013 0.107 0.001
3 0.070 0.835 0.038 0.003
4 0.051 0.900 0.030 0.015 0.012
5 0.033 0.909 0.004 0.047
6 0.061 0.857 0.001 0.092
7 0.143 0.972 0.003 0.115
8 0.028 0.958 0.001 0.188
9 0.042 0.889 0.000 0.197
10 0.056 0.952 0.000 0.346
O 0.960 0.209 0.101 0.067 0.000 0.000 0.000 0.000 0.056 0.048

Nk 300 32 69 32 31 14 37 24 17 22

N. mezcalaensis

Period 1999-2000

k=1.000+0.047

1 0.263 0.000 0.278 13.457 0.0004 0.003
2 0.050 0.825 0.016 0.0001 0.051
3 0.125 0.844 0.0001 0.114
4 0.063 0.884 0.018 0.0000 0.178
5 0.072 0.946 0.0003 0.167
6 0.036 0.882 0.0001 0.222
7 0.118 0.850 0.614 0.177
8 0.150 0.800 0.137 0.047
9 0.200 0.765 0.144 0.024
10 0.235 0.889 0.104 0.016
Ox 0.950 0.050 0.078 0.043 0.000 0.000 0.000 0.000 0.000 0.111

Nk 100 30 64 70 55 17 20 20 17 9

Period 2000-2001

k=0.992+0.046

1 0.000 5.226 42.552 41.461 0.638 0.000
2 0.050 0.800 0.016 0.155 0.004
3 0.100 0.875 0.132 0.008
4 0.016 0.818 0.017 0.013 0.057
5 0.091 0.914 0.016 0.109
6 0.034 0.941 0.011 0.219
7 0.059 0.947 0.014 0.188
8 0.053 0.895 0.008 0.157
9 0.105 0.882 0.077 0.010 0.136
10 0.059 0.846 0.004 0.123
Ox 0.957 0.100 0.094 0.091 0.034 0.000 0.000 0.000 0.059 0.077

Nk 100 70 64 66 58 17 19 19 17 13
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Size 1 2 3 4 5 6 7 8 9 10 w \

Period 2001-2002
k=1.091+0.088

1 214.601 2716.898 6196.906 6251.362 0.681 0.000
2 0.108 0.638 0.048 0.176 0.000
3 0.172 0.839 0.120 0.000
4 0.032 0.895 0.020 0.001
5 0.018 0.898 0.002 0.014
6 0.068 0.944 0.001 0.039
7 0.056 0.947 0.000 0.102
8 0.053 0.944 0.000 0.253
9 0.056 0.944 0.000 0.357
10 0.056 0.923 0.000 0.235
Ox 0.875 0.190 0.081 0.088 0.034 0.000 0.000 0.000 0.000 0.077

ny 240 58 62 58 59 18 19 18 18 14

Appendix 2

Elasticity matrices for the three species studied for the periods 1999-2000, 2000-2001 and 2001-2002. Rows and columns refer to size
categories. Only positive values are shown to facilitate reading. Elasticity values reported as 0.000 are <0.0001 but >0.000001. k
values =95% confidence intervals are given above each matrix

Size 1 2 3 4 5 6 7 8 9 10

N. macrocephala
Period 1999-2000
k=1.045+0.053

1 0.008 0.006 0.003 0.003
2 0.020 0.023 0.001

3 0.021 0.054

4 0.020 0.105

5 0.020 0.106 0.002

6 0.022 0.107

7 0.020 0.277

8 0.013 0.079

9 0.006 0.045 0.003
10 0.006 0.028
Period 2000-2001

k=1.009+0.054

1 0.001 0.002 0.001 0.007
2 0.012 0.022 0.002

3 0.014 0.075 0.001

4 0.012 0.073

5 0.012 0.172

6 0.012 0.269

7 0.014 0.117

8 0.010 0.049

9 0.000 0.009 0.033

10 0.007 0.072
Period 2001-2002

k=1.027+0.071

1 0.007 0.008 0.003 0.004
2 0.021 0.032 0.001

3 0.023 0.057

4 0.022 0.072 0.001

5 0.023 0.108

6 0.022 0.140 0.002

7 0.023 0.223 0.003

8 0.018 0.113 0.007

9 0.013 0.018

10 0.004 0.036
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Size 1 2 3 4 5 6 7 8 9 10

N. tetetzo

Period 1999-2000

k=0.978 £0.047

1 0.000 0.000 0.000 0.000
2 0.000 0.001 0.000

3 0.000 0.002 0.000

4 0.000 0.001

5 0.000 0.005

6 0.000 0.002

7 0.000 0.880 0.007

8 0.007 0.043 0.000

9 0.003 0.027 0.001
10 0.001 0.015
Period 2000-2001

k=1.005+0.139

1 0.000 0.000 0.001 0.007
2 0.009 0.032 0.002

3 0.010 0.089

4 0.008 0.201

5 0.008 0.117

6 0.008 0.061

7 0.008 0.155 0.000

8 0.010 0.082 0.000

9 0.010 0.042

10 0.007 0.127
Period 2001-2002

k=1.034+0.059

1 0.004 0.005 0.002 0.004
2 0.016 0.036 0.000

3 0.016 0.066

4 0.015 0.108 0.001

5 0.016 0.115

6 0.015 0.072

7 0.015 0.239

8 0.011 0.144

9 0.007 0.040

10 0.004 0.049
N. mezcalaensis

Period 1999-2000

k=1.000=+0.047

1 0.000 0.000 0.000 0.012
2 0.012 0.063 0.001

3 0.013 0.072

4 0.012 0.119 0.003

5 0.016 0.275

6 0.012 0.091

7 0.012 0.068

8 0.012 0.048

9 0.012 0.039

10 0.012 0.095
Period 2000-2001

k=0.992+0.046

1 0.000 0.001 0.006 0.003
2 0.010 0.043 0.001

3 0.010 0.077

4 0.010 0.051 0.001

5 0.011 0.127

6 0.010 0.179

7 0.010 0.203

8 0.009 0.087

9 0.009 0.099 0.000
10 0.006 0.035




244

Size 1 2 3 4 5 6 7 8 9 10

Period 2001-2002

k=1.091+0.088

1 0.002 0.009 0.008 0.003

2 0.022 0.033 0.002

3 0.024 0.079

4 0.022 0.100

5 0.022 0.102

6 0.022 0.141

7 0.022 0.144

8 0.020 0.128

9 0.011 0.069

10 0.003 0.015
Esparza-Olguin L (2004) Qué sabemos de la rareza: un enfoque
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