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Abstract: This paper analyzes Mexican cactus diversity to determine those states with high species richness, endemism, and
endangerment, which may be important for the conservation of these plants. Relationships between environmental factors and
species richness and endemism were also examined. Species richness and number of endemic and endangered species were recor-
ded for each state, along with its total area, temperature, and precipitation. Data were analyzed with simple and multiple linear
regressions, and complementarity analysis. Results showed that San Luis Potosi, Coahuila, Nuevo Ledn, Oaxaca, Zacatecas,
Tamaulipas, and Sonora had more than 100 species. There were significant rel ationships between species richness and endemism,
and species richness and number of endangered species. Nine states had higher species richness than expected according to their
total area. The aridity of each state was the environmental factor most significantly correlated with species richness and ende-
mism. Eight states are needed to preserve 80% of the total cactus diversity.

Key words. Cactaceae, complementarity analysis, endangered species, endemic species, species richness.

Resumen: Este trabajo analiza la diversidad de cactaceas mexicanas para determinar cudles son los estados que poseen mayor
riqueza especifica, nivel de endemismo y grado de amenaza, |os cuales podrian ser importantes para la conservacion de estas plan-
tas. También se analizé larelacion entre factores ambientales y riqueza especificay endemismo. Lariqueza especificay los nUme-
ros de especies endémicas y amenazadas fueron registradas para cada estado, junto con su areatotal, temperaturay precipitacion.
L os datos fueron analizados con regresiones simples y multiples, y un andlisis de complementariedad. L os resultados mostraron
gue San Luis Potosi, Coahuila, Nuevo Lebn, Oaxaca, Zacatecas, Tamaulipas y Sonora tuvieron mas de 100 especies. Hubo rela-
ciones significativas entre la riqueza especificay nivel de endemismo, y entre lariqueza especificay €l nimero de especies ame-
nazadas. Nueve estados tuvieron una riqueza especifica mayor que la esperada de acuerdo con su &reatotal. La aridez de cada
estado fue el factor ambiental més fuertemente correlacionado con la riqueza especificay el endemismo. Ocho estados son nece-
sarios para conservar 80% de la diversidad total de cactaceas.

Palabras clave: Cactaceae, andlisis de complementariedad, especies amenazadas, especies endémicas, riqueza especifica

exico is the country with the highest diversity of cac-

tus in the American continent (Ortega-Baes and
Godinez-Alvarez, 2006). Recent taxonomical and ecologi-
cal studies have confirmed that more than 600 species are
found in Mexico, of which around 80% are endemic
(Guzman et al., 2003; Ortega-Baes and Godinez-Alvarez,
2006). Many of these species have an outstanding biologi-
cal, cultural, and economical importance. Several species
of cactus are among the most dominant plants in different

vegetation types, where they interact with alarge variety of
animal and plant species (Godinez-Alvarez et al., 2003).
Moreover, rumerous cactus species have traditionally
represented important plant resources for rural people
(Cesas et al., 2001).

Many cactus species are currently threatened or endan-
gered (Hunt, 1999; L tthy, 2001; SEMARNAT, 2002; IUCN,
2003). More than 60 species are listed in the Red Data
Book of the International Union for the Conservation of
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Nature (IUCN) (IUCN, 2003), and ca. 40 species are inclu-
ded in Appendix | of the Convention on International Trade
in Endangered Species of Wild Fauna and Flora (CITES)
(Hunt, 1999; L{thy, 2001). Likewise, over 200 species have
been included in red lists of the Mexican environmental
agency (Norma Oficial Mexicana; SEMARNAT, 2002). Due
to the high number of threatened and endangered species, it
has been suggested that it is crucial to obtain information
on different biological and ecologica aspects of cacti such
as their geographical distribution patterns, levels of ende-
mism, and endangerment, which could contribute to ade-
quate management and conservation at a regional level
(Ortega-Baes and Godinez-Alvarez, 2006).

Several studies have analyzed the geographical distribu-
tion patterns and levels of endemism and endangerment of
Mexican cactus diversity. However, al of them were con-
ducted in the Chihuahuan Desert only (Hernandez and
Béarcenas, 1995, 1996), or in particular localities within this
region, e.g. Huizache (Hernandez et al., 2001) and Mier y
Noriega (GOmez-Hinostrosa and Hernandez, 2000).
Cactaceae are widely distributed in Mexico where they
inhabit regions with arid climate like the Chihuahuan and
Sonoran Deserts, in northern Mexico, or regions with more
humid climate such as the Pacific coastal plain and the
Yucatan Peninsula (Hernandez and Godinez, 1994).
Therefore, cactus diversity patterns should be influenced
by environmental factors such as temperature and precipi-
tation, which in turn could affect their presence in certain
regions of the country. In this context, we believe that
analyses of cactus diversity across Mexico are necessary to
identify other areas with exceptional species richness and
endemicity in the country. It is also necessary to analyze
the relationship between species richness, endemism, and
different environmental factors to determine which of these
factors could explain cactus diversity. Various studies have
shown that vari aality of some environmental factors such as
temperature and precipitation could decrease the survival,
growth, and reproduction of cacti, limiting their distribution
and abundance patterns (Brum, 1973; Yeaton and Cody,
1979; Gibson and Nobel, 1986; Flores and Yeaon, 2003).

In this paper we anayze the diversty pdterns of
Cactaceae in Mexico to determine those federal states
having high species richness, endemism, and endanger-
ment, which could be important for the conservation of
these plants. In addition, we analyze the relationships bet-
ween species richness, endemism, temperature, and preci-
pitation. These analyses were made considering states, ins-
tead of biogeographic or physiographic regions, since deci-
sions to implement conservation actions frequently rely on
state and federal governments. Several conservation strate-
gies of different groups of plants such as Asteraceae
(Villasefior et al., 1998), Cucurbitaceae (Lira et al., 2002),
and Poaceae (Davila-Arandaet al., 2004) have been propo-
sed by analyzing their diversity patterns at the state level.
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We address the following questions: (1) What are the states
with the highest species richness, endemic species, and
endangered species?, (2) Are species richness, endemic
species, and endangered species related?, (3) Isthere arela
tionship between temperature, precipitation, species rich-
ness, and endemism?, and (4) What are the most relevant
states for cactus preservation?

Materials and methods

Soecies richness, endemism, and endanger ment. Data used
in this study were obtained from the Catdlogo de
Cactaceas Mexicanas (Guzman et al., 2003). We recorded
for each speciesits scientific name and federal states where
it has been recorded, and whether it has been listed as thre-
atened or endangered speciesin national (SEMARNAT, 2002)
and international red lists (Hunt, 1999; L (ithy, 2001; IUCN,
2003). Cultivated species and species with incomplete data
were excluded from the analysis.

Based on these data a presence-absence ma rix was cons-
tructed to determine: (1) Species richness: the total number
of speciesfound in each state; (2) Endemism:; the number of
endemic species to Mexico found in each state and (3)
Endangemrment: the number of endangered species found in
eadchstate. The total number of species along with the num+
ber of endemic and endangered species of Mexico may vary
depending on the classificaion system used and the sam-
pling effort conducted in the country. The Catalogp de
Cactaceas Mexicanas, whi chis based mainly on the taxono-
mic proposal of the CITES Cactaceae Checklist (Hunt,
1999), isthe most compl ete review of the taxonomy and dis-
tribution of Mexican cactus species that has been published
to date by the organizdion responsible for the analysis of
diversity in Mexico (i.e.,, Comisién Nacional para €l
Conocimiento y Uso de la Biodiversidad, CoNABIO).

Regression analyses between species richness and ende-
mic species, as well as between species richness and endan-
gered species, were conducted to determine whether these
variables were significantly related. In addition, regression
analyses with species richness and endemic species as
dependent variables and total state area as independent
variables were conducted to determine whether cactus
diversity tends to increase with state extent. Total area of
each state was obtained from Instituto Nacional de
Estadistica, Geografia e Informatica (INEGI, 2005).
Confidence intervals (95%) were calculated for fitted
regression lines to identify those states having the highest
species richness and endemism. States above confidence
intervals were considered as having a higher number of
species than expected according to their total area (Ortega
Baes and Godinez-Alvarez, 2006). Data were log-transfor-
med to meet the assumptions of normality of the statistical
test and analyzed with the statistical package JMP version
3.1 (SAS Institute, 1995).
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Cactus diversity and environmental factors. Multiple linear
regressions between species richness or endemic species
and various environmental factors were conducted to deter-
mine whether significant relationships exist among them.
The environmental factors analyzed were: (1) mean altitu-
de of each state (Alt), (2) mean annual precipitation (Prea),
(3) difference between average maximum and minimum
monthly precipitation (Prang), (4) sum of average precipita
tion falling from June to September (Pam), (5) mean annual
temperature (Tmen), (6) difference between average maxi-
mum and minimum monthly temperature (Trang), and (7)
aridity of each state or proportion of each state area with
arid climates (Arid). These arid climates include the subty-
pes BW and BS proposed by Garcia (2004). These environ-
mental factors were chosen to evaluate the effects of tem-
perature and precipitation on cactus diversity. Altitude and
proportion of each state area with arid climates were

directly obtained from the web page of the Instituto
Nacional de Estadistica, Geografia e Informatica (INEGI,
2005). Precipitation and temperature data were obtained
from the web site of the Comision Nacional del Agua
(CNA, 2005).

Regressions were conducted through generalized linear
models with Poisson errors using the statistical package
GLIM ver. 3.77 (Crawley, 1993). These models were pre-
ferred instead of models with normal errors because they
consider species numbers as discrete vari dles whose
variances increase with the mean. Model s were fitted follo-
wing an additive stepwise approach, in which the most sig-
nificant variables according to G-statistics were included
into the model at each step. In case of data overdispersion,
the variance was multiplied by a scale parameter and the
model was refitted (Crawley, 1993).

Table 1. Number of genera and species of cacti in each federal state of Mexico. Percentages of endemic and endangered species were calcu-

lated considering the number of species for each state.

States Genera Species Endemic species (%) Endangered species (%)
San Luis Potosi 33 151 115 (76) 69 (46)
Coahuila 24 126 71 (56) 53 (42)
Nuevo Ledn 30 119 71 (60) 61 (51)
Oaxaca 32 118 97 (82) 29 (25)
Zacatecas 26 112 86 (77) 37 (33)
Tamaulipas 31 105 57 (54) 47 (45)
Sonora 21 100 42 (42) 24 (24)
Durango 22 97 65 (67) 29 (30)
Querétaro 29 96 82 (85) 31 (32)
Jalisco 25 93 81 (87) 20 (22)
Guanajuato 21 88 76 (86) 29 (33)
Chihuahua 21 85 30 (35) 25 (29)
Hidalgo 23 82 72 (88) 26 (32)
Puebla 25 80 71 (89) 22 (28)
Michoacén 20 62 57 (92) 14 (23)
Guerrero 21 61 53 (87) 15 (25)
Sinaloa 15 60 46 (77) 12 (20)
Baja California Sur 13 57 47 (82) 20 (35)
Baja California 13 56 31 (55) 16 (29)
Chiapas 19 49 18 (37) 9(18)
Veracruz 21 49 31 (63) 13 (27)
México 18 45 40 (89) 10 (22)
Aguascalientes 14 37 31 (84) 9 (24)
Morelos 12 28 23 (82) 6(21)
Nayarit 11 26 23 (88) 2 (8)
Colima 14 24 21 (88) 6 (25)
Tlaxcala 6 18 17 (94) 2 (11)
Distrito Federal 7 15 12 (80) 4 (27)
Yucatan 9 14 4 (29) 5(36)
Tabasco 7 13 5(38) 3(23)
Quintana Roo 6 8 4 (50) 3 (38)
Campeche 5 7 1(14) 1(14)
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Figure 1. Relationship between species richness and total area for
federal states of Mexico. Continuous line and dotted line refer to
fitted line and 95% confidence interval, respectively. States with
higher diversty than expected according to their area are:
Guanajuato (Gto), Hidalgo (Hgo), Nuevo Ledn (NL), Oaxaca
(Oax), Puebla (Pue), Querétaro (Qro), San Luis Potosi (SLP),
Tamaulipas (Tam), and Zacatecas (Zac).

Complementarity analysis. A complementarity analysis
was conducted to determine the relative importance of each
state in the conservation of Mexican cacti. This analysis
was carried out using an algorithm in which states were
selected according to their total number of species. The
procedures used were as follows: (1) the state with the
highest number of species was selected first and their taxa
were dropped from the analysis; (2) the state with the high-
est number of species that had not been selected yet (i.e.,
the state with the highest complementarity) was chosen
from the remaining states. This procedure was repeated
until all species were selected.

Results

Soecies richness, endemism, and endangerment. San Luis
Potosi and Coahuila had the highest species richness (>
125) folloned by Nuevo Ledn, Oaxaca, Zacatecas,
Tamaulipas, and Sonora, with total number of species ran-
ging between 100 and 120 (table 1). In turn, San Luis
Potosi, Oaxaca, and Zacatecas had the highest number of
endemic species. In all cases, Quintana Roo and Campeche
had the lowest species richness and endemism. States with
the highest number of endangered species were San Luis
Potosi, Nuevo Ledn, and Coahuila (> 50), whereas
Campeche, Nayarit, and Tlaxcala had the lowest numbers
( 2;tablel).
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There was a significant relationship between species
richness and endemism (F1, 30 = 201.0, P < 0.00001, R? =
0.89). Species richness and endangered species were also
significantlyrel aed (F1.30 = 255.4, P < 0.00001, R2 = 0.9).

The relationship between speciesrichness and state area
was statistically significant (F1,30 = 10.1, P = 0.0035, R =
0.25), indicating that the largest states had the highest num-
ber of species. However there were some states such as
Guanajuato, Hidalgo, Nuevo Lebn, Oaxaca, Puebla,
Querétaro, San Luis Potosi, Tamaulipas, and Zacatecas,
which had higher number of species than expected accor-
ding to their area (figure 1). There was no significant rela-
tionship between number of endemic species and state area
(FL2=1.9, P=0.18, R?=0.06).

Cactus diversity and environmental factors. The aridity of
each state explained significant fractions of total variance
in species richness (R? = 0.40, P = 0.0002) and endemism
(Re = 0.23, P = 0.005; table 2). The most arid states gene-
rally tended to have high species richness and endemic spe-
cies. It is worth mentioning, however, that Oaxaca had a
low proportion of arid climates (5%), but high speciesrich-
ness (118) and endemic species (97; figure 2).

Other environmental factors such as mean annual tem-
perature and difference between the average maximum and
minimum monthly precipitation also explained significant
proportions of variance in the number of endemic species.
However, these proportions were lower than the proportion
explained by aridity of each state (Tmen: R2 = 0.17, P =
0.02; Prang: R2 = 0.12, P = 0.04). There was a significant
negative correlation between aridity of each state and diffe-
rence between average maximum and minimum monthly
precipitation (R=-0.4, P = 0.02), which could decrease the
explanatory power of these environmental factors (table 3).

Figure 2. Relationship between species richness and endemic
species of cactus, and aridity of each federal state of Mexico.
Continuous line (species richness) and dotted line (endemic spe-
cies) refer to regression lines predicted by the log-linear models.
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Table 2. Significant predictors of the multiple log-linear regression
models.

Dependent variable  Independent G P r
variable

Species richness Arid 13.6 0.0002 0.40

Endemic species Arid 7.9 0.005 0.23
Trmean 5.7 0.02 0.17
Prang 4.2 0.04 0.12

Independent variables were: Arid-aridity of each state or proportion
of each state area with arid climates (subtypes BW and BS, sensu
Garcia 2004), Prang-difference between average maximum and mini-
mum monthly precipitation, and Tmean-mean annual temperature.

Complementarity analysis. Twenty-three states were neces-
sary to represent all cactus species of Mexico (figure 3).
However, 80% of the total species may be preserved focu-
sing conservation efforts on only eight states (Bgja
Cadlifornia Sur, Coahuila, Hidalgo, Jalisco, Nuevo Ledn,
Oaxaca, San Luis Potosi, and Sonora). According to our
regression analyses, these states have high species richness
aswell as high number of endemic species and endangered
species, because of the positive relationship among these
attributes.

Discussion

The main goals of this study were to identify those federal
states of Mexico that could be important for the conserva-
tion of Cactaceae, and to analyze the relationship between
cactus diversity, temperature, precipitation, and aridity. The
analysis of diversity patterns indicated that San L uis Potos,
Coahuila, Nuevo Leon, Oaxaca, Zacatecas, Tamaulipas,
and Sonora had more than 100 cactus species. However,
some of these states such as San Luis Potosi, Nuevo Leodn,
and Oaxaca stand out from this group, since they have high-
er species richness than expected according to their total
area. The relative importance of these states for conserva-
tion of Mexican cacti is highlighted when the significant
relationship between species richness and endemism, and
between species richness and endangered species, are taken
into account. These results mean that conservation actions
carried out in the states with high species richness would
not only insure the preservation of endemic species, but
also of endangered ones.

In analyzing the flora of the Mexican regions with arid
climates, severa authors have found high levels of species
richness and endemism, especialy in the cactus family
(Rzedowski, 1962; 1973; Villasefior et al., 1990). In this
study we found that 78% of the total number of recorded
species (512 out of 660) are endemic to Mexico, which is

similar to figures previously reported by other authors
(Hernandez and Godinez, 1994; Ortega-Baes and Godinez-
Alvarez 2006). Different factors could explain the high
species richness and endemism of Cactaceae in Mexico.
One of these factors could be the presence of regions with
arid climates in this country since the early Tertiary. It has
been suggested that the presence of arid regions for along
period of time might allow the origin and evolution of plant
lineages (Rzedowski, 1962; 1973; 1991). Another factor
that could also contribute to the high species richness and
endemism is that some Mexican dry regions, particularly
those located within the Chihuahuan Desert, might have
acted as refuge areas during the last glacial period, leading
to the isolation and allowing the diversification of severa
species of cactus (Hernandez and Bércenas, 1995).

The relationship between cactus diversity and arid cli-
mates is supported by the results of our multiple linear
regressions. According to these results, the aridity of each
state was the most significant environmental factor explai-
ning variance in species richness and endemism. The most
arid states generally had high number of cactus species.
However, it is important to bear in mind that there was a
significant correlation between aridity of each state and
precipitation, which could decrease the explanatory power
of these environmental factors. Different authors had sug-
gested that certain states, regions, and smaller geographic
units of Mexico with arid climates were important in terms
of cactus species richness and endemism (Hernandez and
Godinez, 1994; Hernandez and Bércenas, 1995; Goémez-
Hinostrosa and Hernandez, 2000; Hernandez et al., 2001).
For instance, in analyzing the distribution patterns of

Table 3. Correlation matrix of the environmental factors used in the
multiple log-linear regression models. All values shown are signifi-
cant (P < 0.05).

Alt Arid Pmean Prang Psum Tmean Trang

Alt 1.00

Arid 1.00

Pmean 1.00

Prang -0.40 0.89 1.00

Psum -0.46 0.87 097 1.00

Tmean -0.83 1.00

Trang 1.00

Environmental factors were: Alt-mean altitude of each state, Arid-ari-
dity of each state or proportion of each state area with arid climates
(subtype BW and BS, sensu Garcia 2004), Pmean-mean annual preci-
pitation, Prang-difference between average maximum and minimum
monthly precipitation, Psum-sum of average precipitation falling from
June to September, Tmean-mean annual temperature, and Trang-differen-
ce between average maximum and minimum monthly temperature.
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Figure 3. Complementarity analysis for the federal states of
Mexico. The most important states for cactus preservation are:
Baja California Sur (BCS), Coahuila (Coa), Hidalgo (Hgo),
Jalisco (Jal), Nuevo Ledn (NL), Oaxaca (Oax), San Luis Potosi
(SLP), and Sonora (Son). The remaining states, whose names are
not provided, contribute to the preservation of only 20% of the
total number of cactus species.

endangered cacti in the Chihuahuan Desert, Hernandez and
Barcenas (1995) indicated that the areas with high species
richness were characterized by a BS subtype climate.
However, neither of these authors analyzed the whole cac-
tus diversity of Mexico nor used regression analyses to
quantitatively test the relationship between cactus diversity
and aridity. Hernandez and Bércenas (1995) also suggested
that the areas with high cactus diversity within the
Chihuahuan Desert had mean annual precipitation between
300-600 mm. In our study, we did not find a significant
relationship between precipitation and species richness.
This environmental factor was only significantly correlated
with the number of endemic species, although it explained
lower proportion of variance than aridity of each state.
Temperature did not correlate with species richness or
endemic species. Data used in this study were average
values that broadly describe the climate of each state; there-
fore our results of the regression analyses should be inter-
preted cautiously and as a preliminary method to identify
those factors that might explain cactus diversity at the
country level. The analysis of the relationship between cac-
tus diversity and environmental factors at smaller spatial
scales will depend on gathering more detailed climatic
data.

Based on the complementarity analysis, it was conclu-
ded that eight states are needed to preserve 80% of the total
cactus species recorded in Mexico (Baja California Sur,
Coahuila, Hidalgo, Jalisco, Nuevo Leodn, Oaxaca, San Luis
Potosi, and Sonora). All these states are part of the most
important arid and semiarid regions of this country, except
for Jalisco, which islocated on the Pacific coast, in regions
with tropical deciduous forests. Hernandez and Godinez
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(1994) found that high proportions of endangered cactus
species also tend to concentrate in these same states.
Similarly, studies on Asteraceae, Cucurbitaceae, and
Poaceae have shown that Coahuila, Jalisco, Oaxaca, and
Sonora are also important for preserving these plants in
Mexico (Villasefior et al., 1998; Lira et al., 2002; Davila-
Aranda et al., 2004). To define the entirety of these eight
states as priority conservation areas would be prohibitive.
However, the results of the complementarity analysis could
be used to determine those states where conservation
actions should be focused to preserve particular groups of
cacti. Many species of the tribe Cacteae (subfamily
Cactoidea) could be preserved in San Luis Potosi,
Coahuila, and Nuevo Ledn, while the species of the tribe
Pachycereeae (subfamily Cactoidea) could be protected in
Jalisco, Hidalgo, and Oaxaca. Other species of these tribes
could also be preserved in Bgja California Sur and Sonora.
Likewise, the species of other subfamilies such as
Pereskioidea and Opuntioidea could be preserved in most
of the states selected by the complementarity analysis.

All states chosen by the complementarity analysis have
priority regions for the preservation of biodiversity in
Mexico (Arriaga et al., 2000). Some of these states such as
Baja Cadlifornia Sur, Coahuila, Hidalgp, Oaxaca, and
Sonora currently have federal protected areas in which
some conservation actions have been implemented
(Arriaga et al., 2000). However, reserves are scarce or non-
existent in other states with high cactus diversity such as
San Luis Potosi and Nuevo Ledn (Hernandez and
Bércenas, 1995; Hernandez et al., 2001; GoOmez-
Hinostrosa and Hernandez, 2000). The creation of new
state and federal reserves and the implementation of other
conservation actions in most of these states would contri-
bute to protect cactus diversity, but also the diversity of
other plant groups such as Asteraceae (Villasefioer et al.,
1998), Cucurbitaceae (Lira et al., 2002), and Poaceae
(Davila-Aranda et al., 2004).
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