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† Background and Aims Flowering phenology is a critical life-history trait that influences reproductive success. It has
been shown that genetic, climatic and other factors such as plant size affect the timing of flowering and its duration.
The spatial and temporal variation in the reproductive phenology of the columnar cactus Stenocereus thurberi and its
association with plant size and environmental cues was studied.
† Methods Flowering was monitored during 3 years in three populations of S. thurberi along a latitudinal gradient.
Plant size was related to phenological parameters. The actual and past weather were used for each site and year to
investigate the environmental correlates of flowering.
† Key Results There was significant variation in the timing of flowering within and among populations. Flowering
lasted 4 months in the southern population and only 2 months in the northern population. A single flowering peak
was evident in each population, but ocurred at different times. Large plants produced more flowers, and bloomed
earlier and for a longer period than small plants. Population synchrony increased as the mean duration of flowering
per individual decreased. The onset of flowering is primarily related to the variance in winter minimum temperatures
and the duration to the autumn–winter mean maximum temperature, whereas spring mean maximum temperature is
best correlated with synchrony.
† Conclusions Plant size affects individual plant fecundity as well as flowering time. Thus the population structure
strongly affects flowering phenology. Indications of clinal variation in the timing of flowering and reproductive
effort suggest selection pressures related to the arrival of migrating pollinators, climate and resource economy in
a desert environment. These pressures are likely to be relaxed in populations where individual plants can attain
large sizes.
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INTRODUCTION

Plant phenology involves the timing, duration and abundance
of recurrent biological phenomena, including reproductive
events such as flowering, fruiting, seed dispersal and germi-
nation. Flowering phenology is a critical life-history trait that
strongly influences reproductive success (Rathcke and Lacey,
1985). Many species show gradual changes in flowering time
over geographical and environmental gradients (Jackson,
1966; Harris, 1970; Hodgkinson and Quinn, 1978; Blionis
et al., 2001). Among the multiple explanations given for
the evolution of flowering time (Janzen, 1967; Bawa, 1983;
Bawa et al., 2003), it has been hypothesized that competition
for pollinators has shaped, at least in part, the temporal seg-
regation of flowering by members of the same pollinator
guild (Pleasants, 1980; Gleeson, 1981; Armbruster, 1986;
Ashton et al., 1988; Murali and Sukumar, 1994; Lobo
et al., 2003). Also, the timing of flowering, as well as its dur-
ation and intensity, may be affected by other biotic factors
such as competition for seed dispersers and herbivory
(Rathcke and Lacey, 1985; Wheelwright, 1985; Marquis,
1988; van Schaik et al., 1993; Bronstein, 1995; Brody,
1997; Pilson, 2000; Lobo et al., 2003). Some studies also
indicate that different species could increase their fitness
by flowering in synchrony. Pollination is then facilitated by

combining efforts that increase resource density and local
pollinator attraction (Schemske, 1981; Thompson, 1982).

Several climatic variables such as temperature (Ashton
et al., 1988; Pfeifer et al., 2006), photoperiod (van
Schaik et al., 1993; Rivera et al., 2002), precipitation
(Opler et al., 1976; Stiles, 1977; Domı́nguez and Dirzo,
1995; Tyler, 2001; Inouye et al., 2003; Borchert et al.,
2004; Pfeifer et al., 2006), irradiance (Wright and van
Schaik, 1994; Hamann, 2004) and other variables (e.g.
soil nutrient concentration, Dahlgren et al., 2007) can
trigger flowering. In tropical dry forests and deserts, seaso-
nal variation in rainfall and soil water availability have been
proposed as the primary abiotic factors affecting phenologi-
cal patterns (Reich and Borchert, 1984; Borchert, 1994;
Bowers and Dimmitt, 1994; Borchert et al., 2004). For
columnar cacti in the Sonoran Desert it has been hypoth-
esized that variation in rainfall and spring temperatures
affects the timing of flowering (Fleming et al., 2001).
However, direct effects have not been documented. In
some columnar cacti of South America, rainfall before the
reproductive season can trigger flowering, but it stops or
is uncorrelated with flowering in other species (Ruı́z
et al., 2000; Petit, 2001). The variation in phenological
events caused by temperature or photoperiod has never
been examined for columnar cacti.

Divergence in flowering times may also be due to biotic
factors such as plant size (Schmitt, 1983; O’Neil, 1997;* For correspondence. E-mail ebustamante@ecologia.unam.mx
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Bishop and Schemske, 1998; Ollerton and Lack, 1998;
Petit, 2001; McIntosh, 2002; Bowers, 2006), competition
for pollinators (Mosquin, 1971; Stiles, 1977) and the inten-
sity of seed predation (Ollerton and Lack, 1992), which
may act together to modulate fecundity. Finally, phyloge-
netic constraints influence many traits that affect flowering
phenology such as flower number per functional module, or
the timing of flower development (Kochmer and Handel,
1986; Dorn and Mitchell-Olds, 1991; Harvey and Pagel,
1991; Morales, 2000).

Spatial and temporal variation in flowering time is crucial
to plants pollinated by animals with specific emergence
times or subject to seasonal migration. For example,
Waser (1979) showed concordance between the timing of
flowering of Fouquieria splendens and hummingbird
spring migration in the Sonoran Desert. With few excep-
tions (see Scott, 2004), plants pollinated by migrating bats
also show adaptative latitudinal variation in their flowering
times. Phenological data for columnar cacti and paniculate
agaves suggest that both groups form a nectar corridor
along the bat migration route in western Mexico (Gentry,
1982; Arita, 1991; Fleming et al., 1993). However, few
studies have examined the spatio-temporal variability in
flowering phenology and its effects on the reproductive
success of columnar cacti (see Fleming et al., 2001).

Although some authors have studied the geographic differ-
entiation in flowering duration between species of columnar
cacti (e.g. Valiente et al., 1996; Fleming et al., 2001), most
studies are restricted to a single or a few dates during the
blooming season. Furthermore, timing, duration and intensity
of flowering have been examined in isolation from one another.
However, the interactions of these parameters are likely to act
synergisticaly in shaping reproductive success, particularly
when coupled with pollinator and resource availability. The
interactions among timing, duration and intensity have not
been fully explored, but it can be hypothesized that a selective
component is associated with individual and populational
variation in flowering phenology.

Stenocereus thurberi is one of the most common colum-
nar cacti of the Sonoran Desert. Its extensive distribution
and large population numbers allow the exploration of the
timing, duration and intensity of flowering at the individual
and population levels, and the relationship between flower-
ing phenology and fruit production in a resource-limited
(low water–high temperature variance) environment.
Three populations were choosen at the northern, central
and southern range of the species to study their phenology.
The aims of this study were: (a) to describe the geographic
variation in flowering phenology; (b) to compare the timing
and duration of flowering at the individual and population
level; (c) to examine how plant size affects flowering
phenology; and (d ) to evaluate the effect of past weather
on the onset, synchrony and duration of flowering.

MATERIALS AND METHODS

The plant

Stenocereus thurberi (Engelm.) Buxb. is a columnar
cactus 3–10þ m tall distributed on the Pacific slope of

northwestern Mexico, from northern Sinaloa and western
Chihuahua to southwestern Arizona in the USA (Fig. 1). It is
also common in Mexico throughout Baja California and
some of the Gulf of California islands (Turner et al., 1995).
It has many ribbed and spiny stems arising close to the
ground or from a short trunk. Flowering starts in mid May,
and lasts for about 15 weeks (Turner et al., 1995; Fleming,
2000). Flowers open for only one night and the morning
after. They show features associated with bat pollination,
although hummingbirds have been reported as the main polli-
nators in some sites (Fleming et al., 1996, 2001). Fruit ripens
during the summer, and bats, humans and many other
mammals consume them and are good dispersal agents
(Fleming and Sosa, 1994; Yetman and Búrquez, 1996).
Birds also consume the fruits, but some are seed predators
(Godı́nez-Alvarez et al., 2002; Wolf et al., 2002), while
others, such as woodpeckers and orioles, are probably efficient
dispersal agents (E. Bustamante, pers. obs.).

Study area

Three populations along a transect spanning about
800 km and 58 of latitude were studied in Sonora,
Mexico. These will be referred to hereafter as North,
Central and South sites (Fig. 1). The North site
(3184801700N, 11285105600W, 550 m altitude) is located in
northwestern Sonora, about 6 km southeast of the town of
Sonoyta. It lies at the western edge of the crassicaulescent
desert of the Arizona Upland subdivision of the Sonoran
Desert (Shreve, 1951). The Sonoyta meteorological
station, located 7 km from the site, reports a mean annual
precipitation of 202 mm, a mean annual temperature of
21.4 8C (mean annual thermal fluctuation ¼ 21.7 8C; n ¼
60 years). The Central site (2983400600N, 11180502900W,
525 m altitude) is located near the town of Carbó, in
central Sonora. The vegetation is an arbosuffrutescent com-
munity typical of the Sonoran Desert subdivision Plains of
Sonora. The climate (Carbó meteorological station, approx.
18 km north-east of the site; n ¼ 45 years) is dominated by
summer rains, with 348 mm mean annual precipitation and
22.1 8C mean annual temperature (mean thermal
fluctuation ¼ 15.3 8C). The South site (2683801200N,
10981803900W, 60 m altitude) is near Coteco, a Mayo
village in south-western Sonora. The vegetation is a
coastal thornscrub (Búrquez et al., 1999) with a denser
and taller vegetation than any of the Sonoran Desert sites.
About 35 km south-east of the site, and in the same exten-
sive plain, the meteorological station of Estación Don
records a mean annual precipitation of 419 mm and a
mean annual temperature of 24.7 8C (mean thermal
fluctuation ¼ 15.4 8C; n ¼ 20 years, Fig. 1). Although the
sites were selected by the high ecological prominence of
S. thurberi, large differences in density were apparent, the
South site being the densest (325+ 29 s.e. individuals
ha21), the Central site the sparsest (13+ 1), and the
North site intermediate in density (136+ 10).

Phenological parameters

In early 2003, reproductive plants of all size classes in
the North (n ¼ 110), Central (n ¼ 67) and South sites
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(n ¼ 86) were randomly selected, located with a GPS and
numbered with aluminium tags. Flowering and fruiting
were then monitored every 2–4 weeks in 2003 and every
2 weeks during 2004. Additional data for the southern
population were gathered every 2 weeks during 2001. A
few individuals did not flower every year, and for that
reason the number of reproductive plants varied slightly
between seasons in each site.

Using 1 April as day 1, six flowering phenology variables
were estimated for each plant in each site and year: (1)
number of open flowers; (2) onset (date when the first
open flower was recorded); (3) end date (date when the last
open flower was recorded); (4) flowering duration (number
of days of flower production, e.g. difference between onset
and end date); (5) mean flowering date [mean of census
dates weighted by the number of open flowers produced on
each date (after Bishop and Schemske, 1998)]; and (6) flow-
ering synchrony (see below).

Flowering synchrony was quantified at both the individ-
ual and the population levels. Individual flowering syn-
chrony (Xi) is the relative overlap between the blooming
period of a given individual and all other plants in the

population. It was calculated according to Augspurger’s
method (1983), modified from Primack (1980) as follows:

Xi ¼
1

n� 1

� �
1

fi

� �Xn

j¼1

e j=i

where, ei is the number of census dates at which plants i and
j are both in flower, fi is the number of census dates at which
individual i is flowering and n is the number of individuals
in the population. Xi varies from 1 (plant flowering overlaps
completely with all other individuals) to 0 (no overlap). The
overall synchrony of the population (Z ) is the average
syncrhrony of individual plants.

To test the hypothesis that at least some multimodal flow-
ering phenologies could result from random errors caused
by the sampling of low numbers of individuals, a compari-
son was established between the actual distribution (based
on a sample of 86 individuals of the South site) and simu-
lated phenologies of 20 randomly selected individuals each
time from the total sampled population.

115

31

32

200 SONOYTA

TUCSON

SONOYTA

NORTH
SITE

Sonoran Desert

Thornscrub and Tropical Dry Forest

USA

MEXICO

HERMOSILLO

GULF
OF

CALIFORNIA

BAJA
CALIFORNIA

MEXICO

YECORA

NAVOJOA

CENTRAL
SITE

SOUTH
SITE

S
O

N
O

R
A

SONORA

ARIZONA

C
H

IH
U

A
H

U
A

Distribution of Stenocereus thurberi

441 m

202 mm
21.4ºC

22.1ºC

CARBO

348 mm

525 m

100

80 40

30

20

10

60

40

20

200

100

80

60

40

20

200 EST. DON
50 m
24.7ºC
419 mm

100

80

60

40

20

40

30

10

20

40

30

10

20

J FMAM J J A SOND

J FMAM J J A SOND

J FMAM J J A SOND

30

29

28

27

110ºW

30ºN

114 113 112 111 110 109

FI G. 1. Geographic distribution of S. thurberi (modified from Turner et al., 1995) showing the location of the three study sites (stars). The climograms
illustrate the change in mean monthly precipitation and temperature for each site.
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Plant size

For all plants, three components of plant size (number of
stems, height and plant canopy cover) were measured to
assess the relationship between size and phenology. In all
populations, plant size was measured before the 2003 flow-
ering season. Height was measured from the base to the tip
of the highest stem. Plant canopy cover was defined as the
ellipse drawn by the vertical projection of the exterior arms
to the ground surface measured along two perpendicular
axes (Mueller-Dombois and Ellenberg, 1974).

Effects of climatic variables on phenology

To investigate the environmental flowering triggers on
phenology, the relationship between several climatic
indices and the onset and duration of flowering at the
study sites in different years was tested. It was expected
that site and year differences in climatic conditions would
be related to flowering phenology. Based on the literature
the following hypotheses were proposed: (a) the onset of
flowering should be delayed when minimum temperatures
during winter and/or spring are low or have a large variation
(Fleming et al., 2001; Bowers, 2007); (b) synchrony will be
higher in more stable environments in terms of temperature
or precipitation (i.e. having less variance on these weather
variables); and (c) duration should be related to the
general water status of the plant, a feature known to be
dependent on the previous summer or winter precipitation
in several species of the Sonoran Desert (Bowers and
Dimmitt, 1994).

Three phenological response variables were used at the
population level: (a) the onset of flowering, defined as the
time when 5 % of the reproductive individuals had at
least one open flower; (b) the total duration of flowering,
determined as the time interval between the opening of
the first flower and the last flower in the population
during a reproductive season; and (c) the time interval
when more than half of the individuals were flowering
(.50 % duration).

Records of daily rainfall and maximum and minimum
temperatures up to 1 year before flowering were obtained
from the meteorological station closest to each site (for
the purpose of this study, the climatic year began in May
and ended in April). The year was divided into five
seasons following Dimmitt (1991): foresummer or dry
summer (the hottest and driest time of year, from 1 May
to 30 June ¼ 10–12 months before flowering); summer
monsoon or warm rainy season (1 July to 15
September ¼ 7.5–10 months before flowering), autumn
(similar to the dry summer, but less severe, from 16
September to 30 November ¼ 5–7.5 months before flower-
ing); winter (some years with abundant cold season rainfall,
from 1 December to 15 February ¼ 2.5–5 months before
flowering); and spring drought (16 February to 30
April ¼ 0–2.5 months before flowering). The average and
variance of daily precipitation and temperature (mean,
minimum and maximum) were calculated for each interval
and for the following combinations: dry summer–summer
monsoon, summer monsoon–autumn, autumn–winter and

winter–spring. These indices were correlated with the phe-
nological parameters to assess the relationship of past cli-
matic events with phenology. As causality was difficult to
ascribe to a given climatic factor (because of collinearity
between indices), the phenological variables were corre-
lated with only those environmental variables for which a
sensible relationship of causation could be formulated.

Statistical analysis

One-way analyses of variance (ANOVAs) after logarith-
mic transformation of the 2004 data were used to analyse
the differences among populations in plant size and pheno-
logical parameters. Post hoc comparisons among means
were made using a Student–Newman–Keuls test. Pearson
product–moment correlation coefficients tested the associ-
ation between parameters. Principal component analysis
(PCA) was used to reduce size parameters into fewer com-
ponents. Linear regressions on log-transformed data were
performed to assess the allometric coefficients of size and
phenological factors (as they were used only for compara-
tive purpose, there was no need for reduced major axis
regression; see Warton et al., 2006), and analyses of covari-
ance (ANCOVAs) assessed differences in the coefficients
among populations. Using data from 2001, 2003 and
2004, the effect of climatic variables on flowering was
examined with stepwise multiple regression analysis; the
analysis was useful to detect which of the climatic variables
had the strongest impact on onset, duration and .50 % dur-
ation. All statistical analyses were performed using SPSS
13.0 (SPSS Inc. 2004).

RESULTS

Flowering patterns

The southern and central populations started to flower
between mid and late April, while the northern population
started flowering much later, between mid May and early
June (Fig. 2). The southern population flowered for
19–21 weeks, setting the last flowers by late September.
The central population had a shorter flowering duration
(16–17 weeks), finishing by mid August, and the northern
population had a brief blooming period of only 10–14
weeks. There was considerable variation in the duration of
flowering within and among populations, suggesting a lati-
tudinal trend in the flowering duration. The North site had
the shortest and the South site the longest flowering dur-
ation (Table 1).

Flowering intensity (i.e. the number of open flowers
present at a given time) was high in the Central and
South sites, and much lower in the North site where individ-
uals usually had less than one flower open per census
(Fig. 2). The timing and magnitude of the peaks differed
among populations. In the northern population, a barely dis-
cernible peak occurred during mid June. In the Central site,
the peak varied between mid May and late June, and in the
southern population the peak was always in mid July.
A single flowering peak was evident in each population,
but there was considerable variation in the peak number
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of open flowers within populations among years. For
example, in the southern population it varied .4-fold:
from an average of 14 flowers per individual per day
during 2001 – the highest value observed for any popu-
lation and year – to only three in 2003 and 2004 (Fig. 2).

The comparisons of flowering schedules between the
data set and the simulated phenologies of six randomly
chosen sets of 20 individuals showed a general agreement
between both data sets. However, in some cases large dis-
crepancies were observed, highlighting the risk of making
a type I error by drawing conclusions from small samples
where spurious secondary peaks appear (see Fig. S1 in

Supplementary Information, available online). Also, flower-
ing peak intensity could vary from two to six flowers per
individual, but flowering duration was the same for all
simulations.

In all sites, most reproductive plants flowered every year
(�93 %). The proportion of individuals that flowered on a
given day differed within and among populations and
years, closely following the pattern of flowering intensity
(Fig. 3). The proportion of flowering individuals peaked
at around 0.80 in the Central and South sites each year,
whereas the North site had lower peaks of 0.38 and 0.64.
Therefore, in the central and southern populations, the syn-
chrony among individuals was higher than in the northern
population. Each year, the central and southern populations
had a period of at least 2 months when .50 % of the indi-
viduals were flowering. In the northern population, it lasted
only 1 month during 2004, and never reached this level of
flowering during 2003. The overall flowering synchrony (Z )
was rather constant within populations. It did not vary
between 2003 and 2004 in the northern population (0.49),
and it was much higher in the central (0.65 in 2003 and
0.57 in 2004) and southern population (0.65 in both years).

There was a N–S trend in synchrony and flowering dur-
ation, but the central population produced many more
fruits; as much as 8- and 3.5-fold more than the northern
and southern populations, respectively. The Central site
also had a significantly earlier mean flowering date than
any of the other populations (Table 1).

Relationship among phenological parameters

The number of open flowers was highly correlated with
the number of fruits (Table 2). Flowering duration and the
number of open flowers, as well as the number of fruits,
were positively correlated in all populations (Table 2).
Flowering duration explained 62–74 % of the variance in
the number of open flowers, and the slopes of the log–
log regression were significantly different among sites
(ANCOVA F(2,211) ¼ 0.146; P ¼ 0.003). The number of
open flowers increased faster than the flowering duration,
and that effect was more marked in the Central site.
Individual flowering synchrony was inversely correlated
with flowering duration – plants that flowered for a
longer period had a smaller overall synchrony (Table 2).
The regression slopes were significantly different among
sites (ANCOVA F(2,211) ¼ 3.09; P ¼ 0.003; Fig. 4A), with
the highest rate of change in the North and the lowest in
the South site. Mean flowering date was only correlated
with synchrony: inversely in the North and directly in the
Central and South sites (Table 2). In the northern popu-
lation, the least synchronous individuals started reproducing
later in the season, while the more synchronous reproduced
earlier, opposite to the trend found in the other populations
(ANCOVA F(2,211) ¼ 38.237; P , 0.001; Fig. 4B). Mean
flowering date explained much more of the variance in
the synchrony of the North site (36 %) than in the other
sites (10 %). Flowering synchrony was negatively corre-
lated with the number of fruits produced per individual
in the central and southern populations, but not in the
northern population (Table 2). In the central and southern
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populations, the more synchronous individuals produced
fewer fruits (ANCOVA F(2,211) ¼ 3.787; P ¼ 0.024).

Effect of plant size on phenology

Reproductive plants in the Central site were significantly
larger than plants in any of the other sites. The mean
canopy cover of the plants in the Central site was four
times higher than in the North site, and twice higher than
those in the South site. Plants in the Central site also had
about four times more stems than plants in any other site,
and were much taller than in the North site (Table 1).

Height, canopy cover and number of stems were highly
correlated in all sites (r ¼ 0.47–0.69). A PCA was used
to reduce log-transformed plant size measures. PCA
extracted only one component (eigenvalue .1), which
accounted for 71.5 % of the cumulative variance in the
North site, 75.3 % in the Central site and 63.4 % in
the South site, and was positively related to each one of
the size measures (all size variables in the PCA had com-
ponent loadings in the range of 0.67–0.94). The resulting
component score of size for each plant was used to
examine its relationships with the log10-transformed pheno-
logical parameters: number of open flowers, mean flowering
date, duration, synchrony and number of fruits.

Plant size was significantly correlated with the number of
open flowers and with the number of fruits produced by
each plant in all studied populations (Table 2). Within
populations, plant size explained 33–46 % of the variance
in the number of open flowers (Fig. 4C), and 8–46 % in
the number of fruits. The results indicate that even after
adjusting for plant size (using it as a covariate among popu-
lations in the ANOVA), the scores for the number of flowers
were still different among populations (ANCOVA F(2,211) ¼
4.329; P ¼ 0.014), as well as the number of fruits
(ANCOVA F(2,211) ¼ 5.661; P ¼ 0.004). At the individual
level, flowering duration was also well correlated with
plant size in all populations. Size explained 11 % of the
variance in the South site, 24 % in the North site and 40
% in the Central site, but, despite the large variance in
plant size, the regression slopes were marginally different
among sites (ANCOVA F(2,211) ¼ 2.995; P ¼ 0.052).

Flowering synchrony was not correlated with plant size in
the South site, was poorly correlated in the North site, but
in the Central site 24 % of the variance on the flowering
synchrony was explained by size. However, there were no
significant differences among populations (ANCOVA
F(2,211) ¼ 2.250; P ¼ 0.108). Mean flowering date did not
show any significant correlation with plant size (Table 2).
In summary, small individuals had smaller flowering inten-
sity, shorter duration and were more synchronized than
large individuals. A graphic comparison of individual flow-
ering phenologies between populations is available online
as Supplementary Information (Fig. S2).

Effect of climatic variables on phenology

Although many of the bivariate combinations between
the three phenological and the several climatic variables
were highly significant; of all climatic variables tested
using a stepwise multiple regression, winter minimum
temperature variance explained 59 % of the variation in
the onset of flowering (Fig. 5A). When combined with
summer monsoon–autumn minimum temperature variance,
it explained .99 % of the variation. The autumn–winter
mean maximum temperature in combination with dry
summer–summer monsoon maximum temperature variance
explained 98 % of the variation in total duration of flower-
ing (Fig. 5B). The time interval when more than half of the
population is flowering (.50 % duration) was only posi-
tively correlated with the spring mean maximum tempera-
ture, which explained 75 % of its variation.

DISCUSSION

Regardless of the geographic location, S. thurberi shows a
unimodal flowering phenology with a peak at the end of
the dry season. This pattern is common to many other
columnar cacti with lengthy flowering periods (2–4
months; Fleming et al., 2001; Pavón and Briones, 2001;
Petit, 2001; Esparza-Olguı́n and Valverde, 2003;
Otero-Arnaiz et al., 2003; Ibarra-Cerdeña et al., 2005).
This mode of flowering, associated with the opening of
only a few flowers per night on each plant, may favour

TABLE 1. Comparison of means+ s.e. of phenological and morphological data among three populations of Stenocereus
thurberi in Sonora, Mexico

North site (n ¼ 86) Central site (n ¼ 66) South site (n ¼ 76) F W

Height (m) 2.98+0.08a 4.50+0.12b 4.57+0.16b 55.24 70.97
Number of stems 19.87+1.21a 68.53+8.02b 14.70+1.47a 46.34 23.24
Canopy cover (m2) 2.60+0.22a 10.93+1.29b 4.91+0.58c 31.65 25.42
Flowers per plant per day 0.63+0.06a 2.19+0.27b 1.43+0.14c 22.81 26.94
Mean flowering date* 91.08+1.60a 71.77+1.98b 92.90+1.49a 44.77 40.30
Synchrony 0.49+0.01a 0.57+0.01b 0.65+0.01c 46.02 50.29
Duration (d) 28.65+1.50a 57.00+3.30b 69.45+3.45c 61.21 77.29
Total fruits per plant 56.90+5.67a 413.45+45.39b 120.99+11.58a 59.06 40.50

As some samples did not exhibit homogeneity of variances (Levene test), an additional robust test for equality of means is presented (Welch test). In
all cases, there are significant differences (P , 0.0001) for the F and W statistics. Letters next to each value indicate sites significantly different using a
Student–Newman–Keuls post hoc test. Values with the same letter are not significantly different.

* Days since 1 April, 2004.
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the transference of pollen by forcing pollinators to visit
more individuals (Ruiz et al., 2000). Flowering during the
dry season allows the dispersal of seeds and the recruitment
of seedlings during the ensuing rainy season. The timing of
dispersal is particularly important for long-lived desert
species with episodic recruitment, because the seedlings
establish and survive only in years that are particularly
benign, especially in terms of the quantity and distribution
of rainfall (Steenbergh and Lowe, 1977; Jordan and Nobel,
1982; Godı́nez-Alvárez et al., 2003). Bimodal phenological
patterns have been reported in some columnar cacti with

widely extended flowering seasons. These include
S. griseus in the arid inter-Andean valleys of Colombia
(Ruiz et al., 2000) and S. queretaroensis in the aridlands
of Guanajuato, Mexico (Castillo Landero, 2003).
However, in other dry regions, these species exhibit unim-
odal flowering phenologies (Petit, 2001; Ibarra-Cerdeña
et al., 2005). Also, Pachycereus schottii (Fleming et al.,
2001) and Cereus hexagonus (Ruiz et al., 2000) have
been reported as multimodal species. It is possible that
some of the reported multimodal phenologies result from
random errors caused by the sampling of low numbers of
individuals as has been shown in this study (see
Supplementary Information, available online).

The striking differences in flowering duration among
populations follow a geographical trend, the northern popu-
lation having the shortest duration, while the central and
southern populations have the longest. For two populations
at the northern and western edge of distribution, Fleming
et al. (2001) described a pattern which corresponded
closely with that of the northern population studied here,
and was dissimilar in duration and flowering intensity to
the central and southern populations. This trend suggests
that peripheral populations in a more limited environment
(i.e. less precipitation, extreme temperatures) have a
shorter flowering season, while the central populations,
with larger individuals, extend their blooming. The biologi-
cal advantages of extended blooming include according to
Bawa (1983): (a) a reduced risk of reproductive failure;
(b) an increased chance of mating with more individuals;
and (c) a better control of the relative investment in
flowers and fruits. All three seem to be acting in the colum-
nar cacti populations studied here. Selection for extended
blooming is more likely to occur in self-incompatible
species such as S. thurberi, as shown by de Jong et al.
(1992). Extended blooming, however, is probably limited
by resource availability, a pattern consistent with the N–S
trend (and also E–W; see Búrquez et al., 1999) of rainfall,
the incidence of damaging low temperatures, which restricts
the distribution of columnar cacti and many others Sonoran
Desert plants (Niering et al., 1963; Kalisz and Wardle,
1994; Turner et al., 1995; Weiss and Overpeck, 2005),
and the larger variation in the number of pollinators in
the northern edge of distribution (Rojas-Martı́nez et al.,
1999).

As expected, the negative correlation between synchrony
and duration holds for all three populations (Augspurger,
1983; de Jong et al., 1992). However, the northern popu-
lation had the shortest mean flowering duration, and also
its individuals were less synchronized and produced fewer
flowers than the other populations; a surprising result that
can only be explained by the brief duration of reproduction
in many individuals in that population. Under this scenario,
long duration and high synchrony increase the chances
for interbreeding among the individuals. As a result, the
southern and central populations may have a higher
chance of interbreeding with more individuals (i.e.
towards more panmixia) than in the northern population,
where usually less than half of the population is blooming
simultaneously. This is particularly important if the
timing of flowering initiation of each individual is
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consistent year to year, as has been recorded for some popu-
lations of organ pipe cactus (Fleming, 2006).

The size of the reproductive individuals was highly vari-
able: individuals in the northern population not only were
considerably smaller, but started reproduction at a smaller
size than in any other population. Mean growth rates of
reproductive stems showed significant differences between
populations (6.28, 8.76 and 8.33 cm year21 in the North,
Central and South sites, respectively; ANOVA F(1,2) ¼
8.407, P , 0.001; average of 3 years; E. Bustamante and
A. Búrquez, unpubl. res.). Thus, reproductive individuals
of a given size in the northern population are probably
much older than similarly sized individuals in the central
and southern populations. If the trigger for reproduction
in this species is size related, it is likely that this difference
results from genetic differentiation for this particular
feature. Variable plant size and age relationships are
known to reflect adaptation to uncertain environments
(Wilbur and Rudolf, 2006). The N–S trend in phenological
traits seems to be mediated through plant size, and also
possibly through changes in the root:shoot ratio of each
population (larger in the North site, see Deng et al.,
2006). It is possible that the same trend is present across
the Sonoran Desert along the W–E precipitation gradient
from the coast to the mountains (see Búrquez et al.,
1999). Large plants produced more flowers and fruits,
both within and among populations, they flowered for
longer periods and also showed less synchrony. Because
the population size structure varies in time and space by
the episodic nature of recruitment, size distributions could
strongly influence phenology (Bishop and Schemske,
1998). Populations with many young individuals will have
phenological patterns different from those of old populations.

Plant size is affected by the genetic make-up of each
population (i.e. population differentiation), and by factors
related to the severity of the physical environment (i.e. pre-
cipitation, extreme temperatures, etc.). In spite of not
knowing the relative contribution of each of these factors,
it is relevant to consider variation in plant size when studying
the effect of flowering time on reproductive success.

Rainfall has been suggested as the primary cause of vari-
ation in the onset and duration of flowering in communities
with a marked dry season (Petit, 2001; Borchert et al.,
2004). However, the present data demonstrated that mean
temperatures and its variances are also important environ-
mental cues that affect different phenological processes.
For S. thurberi, these are processes that occur well before
blooming: the variance in winter minimum temperature
for the onset, the maximum temperatures during autumn–
winter of the previous year for flowering duration, and the
maximum temperatures of spring drought just before flow-
ering for .50 % duration. When the winter minimum
temperature is highly variable, the onset of flowering
shifts to a later date in the year, suggesting that decelerating
response functions (Ruel and Ayres, 1999), such as the
occurrence of uneven temperatures, affect the internal
clock of the plant. The variance in temperature probably
influences the activity of molecular and physiological func-
tions related to flowering (e.g. Valverde et al., 2004; Tookel
et al., 2005). In the same sort of response, when the vari-
ance in autumn–winter maximum temperature is larger,
flowering duration increases. As predicted, the variance in
the winter minimum temperature is strongly correlated
with the onset of flowering, especially in the northern popu-
lation where freezing temperatures are frequent.

TABLE 2. Pearson correlation matrix for the morphological and phenological traits (during 2004) in three populations of
Stenocereus thurberi

Plant size (PC score) Flowers per plant per day Mean flowering date† Synchrony Duration (d)

North site (n ¼ 83)
Plant size (PC score) 1
Flowers per plant per day 0.570** 1
Mean flowering date† 0.025 0.049 1
Synchrony 20.251* 20.373** 20.603** 1
Duration (d) 0.486** 0.859** 0.157 20.493** 1
Total fruits per plant 0.274* 0.677** 0.199 20.135 0.567**

Central site (n ¼ 64)
Plant size (PC score) 1
Flowers per plant per day 0.676** 1
Mean flowering date† 0.070 0.010 1
Synchrony 20.486** 20.494** 0.317* 1
Duration (d) 0.636** 0.886** 20.010 20.533** 1
Total fruits per plant 0.756** 0.853** 20.038 20.419** 0.776**

South site (n ¼ 70)
Plant size (PC score) 1
Flowers per plant per day 0.574** 1
Mean flowering date† 0.100 20.095 1
Synchrony 20.119 20.395** 0.301* 1
Duration (d) 0.329** 0.790** 20.192 20.575** 1
Total fruits per plant 0.406** 0.722** 20.045 20.353** 0.670**

Two-tailed significance ** P ,0.01; * P ,0.05.
† Days since 1 April.
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The lack of correlation (and direct dependence) of pheno-
logical parameters with precipitation is not unexpected for
cacti: a group particularly adapted to water limitation.
Cacti are well buffered against drought because of their

massive water storage. Temperatures, on the other hand,
could affect factors such as the future pollinator activity
(affecting their migration), or the pace at which physiologi-
cal processes occur. Dependence on the past temperature
regime for phenological patterns has been documented for
dipterocarp forests (Ashton, 1988), a species of orchid in
Germany (Pfeifer et al., 2006) and desert shrubs (Bowers,
2007). Here, it is reported for the first time that past temp-
erature variance (several months before flowering), instead
of the mean values, is closely associated with the onset of
flowering. Also, past temperatures seem to be more import-
ant than past precipitation for synchrony in the studied
populations of S. thurberi. If the maximum temperature
during spring is high, the plants could bloom in a more syn-
chronous manner and for a longer period, increasing the
time interval during which a larger fraction of the popu-
lation is flowering.

Several studies have shown significant variation in the
date of onset of flowering as a result of climate change
(Fitter and Fitter, 2002; Bowers, 2007); for this reason
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long-term studies are necessary for a better undertanding of
the evolution of flowering time of S. thurberi, that also
could modify its interactions with migratory pollinators.
As Wiess and Overpeck (2005) point out, the significant
increase of the minimum temperatures, the decreasing fre-
quency of freezing temperatures and the increasing freeze-
free season length in the Sonoran Desert region could drive
the distribution of species into new areas. More subtle con-
sequences in the short term point to a trend for earlier flow-
ering times and changes in the migration patterns of
pollinators of columnar cacti.

SUPPLEMENTARY INFORMATION

Supplementary information is available online at www.
aob.oxfordjournals.org/. Figure S1 shows the actual pheno-
logy based on a sample of 86 individuals and six phenolo-
gical curves resulting from the random sampling of 20
individuals from the total population in the South site.
Figure S2 is a graphical summary of the variation within
and among populations of the individual phenologies of
68 randomly drawn individuals from each of the three popu-
lations studied of S. thurberi during the 2004 season.
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