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Abstract

Plant reproductive output can be limited by a variety of factors, both intrinsic and extrinsic. I investigated the
reproductive biologies of two species of unbranched short-columnar cacti, Ferocactus cylindraceus and F. wis-
lizeni. I recorded female reproductive output (flowers produced, fruit set, seeds per fruit and seed mass), plant
size and growth, and used hand-pollination experiments to determine breeding systems and pollen limitation. In
both species, the ability to self varied among individuals, but self-pollination resulted in very few seeds, sug-
gesting strong inbreeding depression. Neither species was pollen-limited. Numbers of flowers produced increases
with plant size for both species, and seeds per fruit may also be related to plant size, although the relationship is
unclear. Seed mass is not correlated with plant size. Flower production was similar in both species, but F. cylin-
draceus produced fewer seeds per fruit than F. wislizeni, and its seeds weighed less. Fruit set by F. cylindraceus
was heavily impacted by a florivorous lepidopteran. Fruit set was very high (94 to 96%) in F. wislizeni, suggest-
ing that architectural constraints (e.g., meristem limitation) are more limiting than resource levels or the level of
pollinator services. In F. cylindraceus, numbers of seeds per fruit was positively correlated with seed mass,
whereas in F. wislizeni, the relationship was negative (tradeoff). The growth rates of F. wislizeni are affected by
rainfall the previous season, and growth rates increase as the plant ages. Ferocactus cylindraceus and F. wislizeni
are thought to be sister species, meaning that observed differences between them are more likely to be the result
of recent evolutionary processes in their lineages rather than differing phylogenetic histories.

Introduction

In plants, the flexibility inherent in the modular na-
ture of their growth and reproduction has allowed
them to evolve a rich diversity of reproductive strat-
egies, making them of particular interest to biologists
investigating the evolution of life histories. Many
plants reproduce simultaneously from multiple mer-
istems, and new meristems may be produced through-
out the life of the plant, leading to complex relation-
ships between plant size, resource allocation, and
overall reproductive effort.

Meristem limitation (in which the number of re-
productive structures is limited by the production of
new meristems since the last reproductive episode;

Watson (1984); Geber (1990)) and other size-depen-
dent constraints are only one category of intrinsic lim-
its to reproductive output and success. Others include
genotype, levels of stored resources, developmental
constraints (e.g., number of ovules per ovary, deter-
minate flowering), and architectural factors (Diggle
1995). Extrinsic limits may include climatic factors,
pollen limitation, competition, anthropogenic effects,
and flower and seed predation. Investigating the rela-
tive importance of these different factors in plants
under natural conditions can help elucidate their im-
pact on the overall reproductive success of these
plants.

Plants in the Cactaceae possess some unusual
modifications in growth and architecture. One such
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structure is the areole, a specialized axillary bud that
gives rise to a highly condensed short shoot (Gibson
and Nobel 1986). The areolar meristem produces pri-
mordia that result in spines and tiny, ephemeral
leaves, and sometimes branches (leading to the pro-
duction of new areoles). The areolar meristem can
also give rise to a single flower, but this usually ends
its reproductive lifespan – no new flower primordia
arise. In a few cacti, additional meristems are formed
within the areole, such that an areole can flower more
than once (Gibson and Nobel 1986). An areole can
branch (creating new meristems) or flower, but not
both.

In unbranched cacti (including most species of Fe-
rocactus) all vegetative growth takes place in the sol-
itary stem; there is no clonal reproduction. These
plants consist of a single stem studded with areoles
(modules) which contribute little to growth in size.
Flowering in Ferocactus is determinate (one flower
per areole), and constrained by meristem limitation
(production of new areoles). Flowering is also apical:
areoles flower when they are newly formed and still
near the stem tip (Gibson and Nobel 1986). Unlike in
saguaros, Ferocactus areoles are not held in reserve
for later flowering or branching. In addition, the vast
majority of biomass exists above ground (Gibson and
Nobel 1986), where it is easy to measure.

The simplified architecture of unbranched cacti
make them excellent subjects for exploring the rela-
tionships between plant size, growth, and reproduc-
tive output. In these plants, resource limitation may
affect reproduction in at least two ways: directly, by
limiting the ability to produce and mature flowers and
fruits (resulting in bud, flower or fruit abortion), and
indirectly, by limiting production of new areoles via
vegetative growth at the apex.

The physiology and environmental biology of Fe-
rocactus cylindraceus (Engelm.) Orcutt has been ex-
tensively investigated (Lewis and Nobel 1977;
Ehleringer and House 1984; Nobel 1986; Geller and
Nobel 1987; Nobel 1989). Growth, size structure and
seedling establishment of F. cylindraceus have also
been studied (Jordan and Nobel 1981, 1982; Nobel
1986). Work has also been done on the demography
of this cactus, primarily at the Deep Canyon site in
California (Nobel 1977; Jordan and Nobel 1981), and
at the Grand Canyon in Arizona (Bowers et al. 1995;
Bowers 1997; Bowers et al. 1997). The reproductive
biology of this plant has not yet been documented,
however. For Ferocactus wislizeni (Engelm.) Britt. &
Rose, previous studies are limited to documentation

of size structure of populations, (Reid et al. 1983;
Helbsing and Fischer 1992), some aspects of demog-
raphy (Goldberg and Turner 1986), and reproductive
output and minimum reproductive size (Bowers
1998).

A recent study of phylogenetic relationships within
Ferocactus indicates that F. cylindraceus and F. wis-
lizeni are sister species (Cota and Wallace 1997). This
means that any differences observed are not due to
different phylogenetic histories, but are solely the re-
sult of recent evolutionary processes.

I used hand-pollinations to determine the breeding
systems of these two species, and I recorded several
components of female reproductive success, includ-
ing flower production, fruit set, seeds produced per
fruit, and seed mass. I also determined plant size and
growth rates to investigate the relationship between
size, growth, and reproduction. Specifically, the aims
of this study were to determine if these species are
self-compatible and if they are they pollen-limited, to
elucidate what factors limit their reproductive output,
and to determine how plant size influences female re-
productive output.

Methods

Study organisms

The genus Ferocactus (Cactaceae) contains 25 to 30
species (Cota & Wallace 1997), and is one of several
genera of short-columnar, unbranched (usually) cacti
called “barrel cacti.” Ferocactus occur only in North
America, with most species in México. Four species
occur in the U.S., and 3 of these are in Arizona. Flow-
ering takes place in the spring or in the summer, de-
pending on the species.

F. cylindraceus ranges from Sonora and Baja Cali-
fornia, México, into California, far southern Nevada
and Utah, and western Arizona (lat 28–37°N, long
110–117°W, elevation 0 to 1750 m; Turner et al.
(1995)). Within this range, it may be found in the
Upper Division of the Sonoran Desert region, and in
parts of the Mojave desert. Flowering onset varies
among locations, but usually occurs in March–June,
and may continue sporadically throughout July–Oc-
tober. The species has been divided into several vari-
eties by various authors (see Turner et al. (1995) for
summary), but the population I studied did not fit any
of the described varieties. Maximum life span may be
around 55 years (Bowers et al. 1995).

274



F. wislizeni ranges from northern México into Ari-
zona, New Mexico and Texas, in both the Sonoran
and Chihuahuan deserts. It does not range as far north
as F. cylindraceus (lat 25 to 34°N), and its elevational
range is slightly more restricted (0 to 1500 m; Turner
et al. (1995)). It has been described as occurring
where there are both summer and winter rains, spe-
cifically where summer rainfall is greater (Turner et
al. 1995). Flowering begins in July or August. Maxi-
mum life span observed at the Desert Laboratory in
Tucson was 46 years (Goldberg and Turner 1986).

Study sites

I studied a population of F. cylindraceus 45 km NW
of Tucson in the summers of 1995 to 1998. The plot
comprised � 1.5 hectares on an east-facing slope of
“Desert Peak” (lat 32°36�N, long 111°14�W) a small
ridge that rises 125 m above the 640 m elevation
desert floor. The vegetation is typical Sonoran Desert
– Upper Subdivision plant community, dominated by
Carnegiea gigantea and Cercidium microphyllum.
Mean annual rainfall (1893 to 1973) at nearby Red
Rock (8 km WSW of study site) is 248 mm, about
47% of which falls in the summer (June through Sep-
tember; National Climatic Data Center: Western Re-
gional Climate Center WWW Server: http://www-
.wrcc.dri.edu/summary/climsmaz.html). In this loca-
tion, F. cylindraceus is restricted to the slopes of
Desert Peak, whereas F. wislizeni occurs on the flats
surrounding the ridge. I marked ca. 25 reproductively
mature plants in 1995, an additional 25 in 1996, and
an additional 95 in 1997. This 1997 survey aimed to
include all reproducing plants within the plot (n =
128); these plants were further studied in 1998 and
1999. I hand-pollinated plants in 1995 to 1996, and
additional reproductive biology data were taken from
a randomly selected subset of the population in 1997
to 1998. For hand-pollinations, I selected large
healthy-looking plants (e.g., those with intact apices),
because large plants produce many flowers, allowing
replicates of the treatments.

I studied a small population of F. wislizeni located
just west of the Tucson city limits in the summers of
1994 and 1995. The site, on the north side of Anklam
Road (lat 32°14�N, long 111°02�W, 700 m elev., � 1
hectare), consisted of typical Sonoran Desert – Lower
Subdivision plant community, dominated by Carn-
egiea gigantea and Cercidium microphyllum. Mean
annual rainfall (1948 to 1998) in Tucson is 297 mm,
about 53% of which falls in the summer (June

through September; National Climatic Data Center –
see above). I labeled approximately 45 mature (repro-
ducing) plants in September 1994. The plants were
located on a south-facing slope. In 1995 I hand-pol-
linated plants that I selected for their large size (more
flowers).

The Anklam Road site was eradicated by urban
sprawl, and I began studying another population of F.
wislizeni located on the Santa Rita Experimental
Range (hereafter SRER), 40 km south of Tucson (lat
31°54�N, long 110°53�W, 914 m elev.) in the sum-
mers of 1996 to 1998. The study plot comprised 3
hectares along the north side of Santa Rita Road. The
plant community is semi-desert grassland, dominated
by Prosopis velutina and various cacti (especially
prickly-pears and chollas). Mean annual rainfall
(1948 to 1998) in nearby Sahuarita (9 km NW of
study site) is 270 mm, about 60% of which falls in
the summer (June through September; National Cli-
matic Data Center – see above). I tagged approxi-
mately 55 mature plants in 1996, and an additional
50 plants in 1997. This 1997 tagging included all
plants of reproductive age within the plot. At this site,
and at the F. cylindraceus population, when a previ-
ously non-reproductive individual began flowering, I
added it to the study. At SRER in 1996 I hand-polli-
nated plants selected for their large size, and other re-
productive biology data were taken from a randomly
selected subgroup in 1996 to 1998.

Breeding systems

To determine the breeding systems of these plants, I
covered the flowering crowns of selected plants with
wire baskets covered with mesh cloth to exclude pol-
linators and then hand-pollinated flowers. The wire
baskets were made secure by seating them down over
a ring of cheesecloth placed below the crown; this
prevented pollinators from gaining access to the flow-
ers by walking up the grooves between the ribs. If the
fit still appeared insecure, I additionally wrapped the
body of the plant with cheesecloth. During hand-pol-
linations, I removed the cover, applied treatments,
marked treated flowers with nail polish or paint pens,
and replaced the cover. Later, I collected and dried the
fruits, and counted the seeds. For F. cylindraceus in
1996, in order to reduce destruction of flowers and
fruits by a lepidopteran florivore, covered flowers
were treated with insecticide following hand-pollina-
tions. Open-pollinated flowers were not treated with
insecticide.
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To test the hypotheses that plants were self-incom-
patible, and that reproductive output is pollen-limited,
I used four hand-pollination treatments: open-polli-
nated (no cover), covered but no manipulation (to test
for spontaneous self-pollination), self-pollinated, and
outcrossed. For the self-pollinations, I transferred pol-
len with a toothpick from the same flower or from a
different flower on the same plant to the stigma lobes.
For outcrossing, I removed a first-day flower (i.e.,
with freshly dehisced anthers) from a plant outside of
the study plot, and transferred pollen with a toothpick
from this flower to the stigma lobes of the treated
flower. Donor plants were at least 15m distant from
plot edge. Flowers were not emasculated (the hun-
dreds of anthers dehisce before the flower opens). I
did not apply mixed pollen loads. In 1995, to test for
the timing of stigma receptivity, I hand-pollinated
both first-day and second-day flowers.

To test the hypothesis that the two species are ca-
pable of hybridizing, I cross-pollinated plants at
Desert Peak by applying pollen from F. wislizeni
plants at that site to F. cylindraceus plants in the study
plot. Because F. cylindraceus plants did not occur at
Anklam Road or at the SRER, F. cylindraceus flow-
ers were transported to these sites from Desert Peak
in an ice chest, and then used for hand-pollinations of
F. wislizeni plants.

Female reproductive output

For F. cylindraceus in 1997, I randomly selected 23
plants for study. In 1998, I added 5 plants to achieve
a more even size distribution of selected plants (strat-
ified random design). For F. wislizeni in 1997, I se-
lected 24 plants in a stratified random design that en-
sured that all size classes were sampled.

To quantify and determine the relative importance
of different components of pre-dispersal (Wiens et al.
1987) female reproductive success, I used four mea-
sures: total number of flowers produced, fruit set,
mean seeds per fruit, and mean seed mass. I surveyed
plants at regular intervals throughout the blooming
period, usually once a week. At each survey, the outer
corolla of new flowers was marked with paint pens.
These markings persisted into the fruiting stage.
Fruits were collected when ripe and the seeds were
counted and weighed in 1998. Seed counts were ac-
curate to within ± 1 to 2 seeds for every 100 seeds
counted (based on repeated counts; unpub. data). I
measured seed mass, which is often important to fe-
male reproductive success (Rees 1997), for both spe-

cies in 1998. After counting the seeds from a fruit, all
the seeds were weighed together on a pan balance.
The total weight was then divided by the number of
seeds to obtain a mean mass per seed in that fruit.
Unfilled seeds were not counted and were removed
before weighing.

Plant size

To test the hypothesis that plant size affects reproduc-
tive output, I measured all F. cylindraceus plants
within the plot at Desert Peak in April 1998, and all
F. wislizeni plants within the plot at the SRER in July
of 1997 to 1999. In both cases this meant plant size
was measured just before flowering onset. When a
previously non-reproductive individual began flower-
ing, it was tagged and added to the study. Plant size
was measured as height and width. Height was mea-
sured from base to crown by a folding rule or a metal
tape measure. Width was measured with large alumi-
num calipers. I measured the widest part of the plant,
and some part of the width usually included some
spines (spines unavoidably forced the calipers away
from the body of the plant). When the cross-section
was asymmetrical, I averaged the width measured
along two axes. Both height and width were accurate
to within ± 2 cm (based on repeated measurements;
unpub. data). When the width was greater than 40 cm
(the limit of the calipers), I estimated the width by
eye.

Plant volume was used as a measure of overall
plant size. This was calculated using height and width
measurements to determine the volume of a cylinder.
For most plants this likely was an overestimate of the
actual volume of the above-ground stem, because
many plants are narrower at the base and crown than
at the middle, where width was measured. However,
the very compact and relatively symmetrical shape of
these plants makes their overall volume much easier
to measure than that of other plants. Moreover, plant
volume is a good surrogate for plant biomass for these
plants, because the vast majority of biomass occurs
above-ground.

In testing the effects of plant size on growth rate I
converted size to categorical data by classing plants
according to the natural log (ln) of their volume. Size
classes ranged from class 1, with ln volume = 8.00 to
8.49, to class 8, for plants with ln volume � 11.50.
Classes spanned 0.5 of the ln of volume (i.e., the bins
were equal in size), and hence there were unequal
numbers of plants in each size class. This method (as

276



opposed to structuring size classes to contain equal
numbers of plants) was used to facilitate comparisons
of growth-size relationships across years.

Data analyses

For the hand-pollination experiments, to test the
hypothesis that treatment affected fruit set, I used
nominal logistic regressions (log-likelihood ratios),
with each data point being a single flower. The de-
pendent variable was fruit set (“yes” or “no”), and the
independent variables were treatment, year (or site)
and individual plant (nested within site for F. wisli-
zeni). To test the hypothesis that treatment affected
seeds per fruit, I used multiway ANOVA tests, with
seeds per fruit as the dependent variable, and treat-
ment, year (or site) and individual plant (nested
within site for F. wislizeni) as the independent varia-
bles. For the seeds per fruit data, I excluded aborted
fruits (those with seeds = 0). In some analyses, a sig-
nificant “lack of fit” (SAS Institute Inc. 1989-99) was
found, indicating the presence of an untested interac-
tion between factors. However, because of unbal-
anced data I was not able to test for interactions (lost
degrees of freedom). When a significant lack of fit
was reported, I record it in the results. In some analy-
ses, the residuals from the model were found to have
a non-normal distribution, even after data transforma-
tion, and I also report this. However, ANOVA is gen-
erally robust to this violation of assumptions (Zar
1996). To test which treatments were significantly dif-
ferent, I used Tukey-Kramer HSD tests, with individ-
ual plant as the experimental unit.

For the female reproductive output tests, numbers
of flowers, and seeds per fruit were square-root trans-
formed, and plant volume was log-transformed (ln),
for normality. To test the hypothesis that plant size
affects flower production, seeds per fruit, or mean
seed mass per seed per fruit (each data point = 1
plant), I used regression analyses with plant size as
the independent variable, and tested the significance
with a linear fit. All statistical tests employed JMP
IN® software (SAS Institute Inc. 1989-99).

Results

Breeding systems

In the hand-pollination experiments, treatment
(bagged, selfed, outcrossed or open-pollinated) had a

significant effect on both fruit set and seeds per fruit,
for both F. cylindraceus and F. wislizeni (Tables 1 and
2). In addition, for F. wislizeni, individual plant had a
significant effect on both fruit set and seeds per fruit.
It is likely that individual plant also affected fruit set
and seeds per fruit for F. cylindraceus, but that this
result is masked by unbalanced data. Hence, in ex-
amining the effects of treatment alone, I used individ-
ual plant means.

Fruit set was much higher for the outcrossed and
open-pollinated treatments than for the bagged and
selfed treatments, for both species (Figure 1). Seeds
per fruit showed a similar pattern (Figure 1). In all
cases, the bagged and selfed treatments were not sig-
nificantly different from each other, and the hand out-
crossed and open-pollinated treatments were not sig-
nificantly different from each other (unpub. data).

Flowers that were hand-pollinated on the first vs.
second day of anthesis did not differ significantly in
either fruit set or seeds per fruit (both species, 1995,
unpub. data).

As is the case with many cacti (Gibson and Nobel
1986), these two species appear to be capable of hy-
bridizing. Within each species, fruit set did not differ
significantly between hybrid crosses and within-spe-
cies crosses (Kruskal-Wallis tests, all P-values not
significant). Seeds per fruit also did not differ signifi-
cantly between hybrid crosses and within-species
crosses (Kruskal-Wallis tests, all P-values not signif-
icant).

Female reproductive output

The mean number of flowers per plant was similar for
F. cylindraceus and F. wislizeni (Table 3). The maxi-
mum number of flowers produced during the study by
an individual of F. cylindraceus was 98 flowers, and

Table 1. Likelihood ratio tests for the effects of treatment, year and
plant on fruit set (unit=flower) in breeding system experiments,
1995 & 1996 pooled. “Plant” is nested within “site” for F. wisli-
zeni.

Species Effect in

model

df �2 P

F.cylindraceus Treatment 3 32.57 0.0000

n = 361 fls Year 1 0.66 0.4179

Plant 32 37.02 0.2485

F.wislizeni Treatment 3 73.80 0.0000

n = 399 fls Site 1 0.03 0.8754

Plant[Site] 29 49.56 0.0101
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for F. wislizeni, 89 flowers. Mean number of flowers
per individual per year increased each year of the
study for both species. Weekly production of flowers
per plant ranged from 1 to 21 for F. cylindraceus, and

from 1 to 31 for F. wislizeni; the mean was 3 to 5
flowers per plant per week for both species (Table 3).

Three kinds of abortion were observed in both spe-
cies: flowers aborted in the bud stage (bud < 1 cm in
diameter), flowers aborted following anthesis, and
flowers or buds aborted after damage by insects (in
most cases, larvae of Pseudoschinia elautalis; Lepi-
doptera: Crambidae). Bud abortions were more com-
mon in F. cylindraceus (7 to 14%) than in F. wislizeni
(1 to 2%; Table 3), flower abortions were similar in
the two species (3 to 6% for F. cylindraceus versus 1
to 2% for F. wislizeni; Table 3), and lepidopteran-
caused abortions were much higher in F. cylindraceus
than in F. wislizeni (23 to 29% versus 1%). These
differences in abortion rate resulted in lower overall
fruit set in F. cylindraceus than in F. wislizeni (54 to
65% versus 94 to 96%; Table 3).

Because the overall fruit set rate was so high in F.
wislizeni, I did not test the effects of different factors
(such as individual plant, year, etc.) on fruit set in this
species. For F. cylindraceus, 1997–1998 pooled, I
tested year and plant effects on all three components
plus the overall fruit set rate. The only significant ef-
fects were that of individual plant on bud abortion
rate, and year on florivore abortions (Table 4).

Plants of both species produced large numbers of
seeds per fruit (Table 3). In 1998 (the only year in
which seeds were counted for both species), mean
seeds per fruit per plant were significantly higher for
F. wislizeni than for F. cylindraceus (759 versus 575
seeds per fruit per plant; t-test P = 0.0231, n = 51
plants). The number of seeds per fruit was highly
variable, both within and among individuals, for both
species (see standard deviations in Table 3).

Individual plant was a significant factor in mean
seeds per fruit for both species (Table 5). In addition,
year had a significant effect on seeds per fruit for F.
wislizeni (F. cylindraceus seeds were counted in only
one year). Extrapolating from average fruit set and
seeds per fruit per plant figures, the average seeds

Table 2. ANOVA results for the effects of treatment, year and plant on number of seeds per fruit in breeding system experiments, 1995 &
1996 pooled. Aborted fruits (n = 0 seeds) were excluded. “Lack of fit” was significant for both tests (see Methods).

Species Effect in model df F ratio P

F.cylindraceus (n = 135 fruits) Treatment 3 25.1215 < 0.0001

Year 1 2.3025 0.1323

Plant 29 2.9929 < 0.0001

F.wislizeni (n = 181 fruits) Treatment 3 21.4471 < 0.0001

(residuals non-normal) Site 1 2.2302 0.1375

Plant[Site] 28 6.2116 < 0.0001

Figure 1. Effects of hand-pollination treatments on (a) mean fruit
set per plant and (b) on mean seeds per fruit per plant. Shown are
means with one standard error. F. cyl = F. cylindraceus, F. wis = F.
wislizeni. “Out.” = outcrossed, “Open” = open-pollinated.
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produced by an individual plant in one year was about
9,000 (1998) for F. cylindraceus, and 17,000 to
26,000 (1996 to 1998) for F. wislizeni (or about twice
as high as for F. cylindraceus).

Seed mass was not as variable as seeds per fruit,
for both species. Mean seed mass per fruit per plant
was significantly higher for F. wislizeni (2.59 mg)
than for F. cylindraceus (1.67 mg; t-test, P < 0.0001,
n = 52 plants). For both species, number of seeds per
fruit was significantly correlated with mean seed mass
per fruit. For F. cylindraceus, however, the relation-
ship was positive (Fig. 2a), whereas for F. wislizeni,
the relationship was negative (Fig. 2b).

Plant size, growth, and demography

Plant height appears to increase throughout the life of
the individual, whereas plant width tends to asymp-
tote (at � 35 cm for F. cylindraceus, 45 cm for F.
wislizeni; Figure 3). Widths of up to 83 cm have been
documented for F. wislizeni, but the maximum re-
ported for F. cylindraceus is only 40 cm (Turner et
al. 1995). The vast majority (92%) of F. cylindraceus
plants were higher than wide, whereas for F. wislizeni
only 30% were higher than wide (Figure 3). In other
words, most F. cylindraceus plants were tall and slen-
der, whereas most F. wislizeni plants were short and
squat.

Plants of F. cylindraceus had a mean height of 70
cm in 1998 (Table 6), with a platykurtic distribution
of heights (Figure 4). Because height is correlated
with age, this size structure, showing several clumps
with gaps between, suggests that the population is
made up of several cohorts. The widths were distrib-
uted around a mean of 29 cm (Figure 4).

In the same year, plants of F. wislizeni were on av-
erage shorter (mean height = 38 cm) and wider (mean
width = 35 cm) than those of F. cylindraceus (Ta-
ble 6). The heights were tightly clustered around the
mean, and strongly left-skewed, with two outliers
(heights of 140 cm and 218 cm) leading a long right
tail (Figure 4). This population thus apparently has

Table 3. Summary statistics (mean ± 1 standard deviation; range of values) for flower production, fruit set, and seeds per fruit. Unless other-
wise specified, the means of individual plant means are shown.

F.cyl 1997 n = 24

plants

F.cyl 1998 n = 33

plants

F.wis 1996 n = 54

plants

F.wis 1997 n = 24

plants

F.wis 1998 n = 24

plants

Mean flowers per

plant

29.0 ± 17.0 fls (1–66

fls)

31.8 ± 21.7 fls (1–98

fls)

23.1 ± 13.2 fls (1–74

fls)

28.8 ± 18.8 fls (6–89

fls)

36.3 ± 17.8 fls

(14–84 fls)

Abortion rates

(unit=flower)

Aborted buds buds = 6.5% buds = 14.1% buds = 1.0% buds = 1.9% buds = 2.0%

Aborted flowers flowers = 6.2% flowers = 2.9% flowers = 4.1% flowers = 1.3% flowers = 0.1%

Florivore damage

abortions

floriv. = 22.5% floriv. = 28.8% floriv. = 1.2% floriv. = 0.9% floriv. = 1.4%

Overall fruit set rate

(population pooled)

65% 54% 94% 96% 96%

Mean seeds per fruit

(range of plant

means)

not available 575 ± 255 seeds

(155–1277)

748 ± 500 seeds

(182–2949)

665 ± 381 seeds

(107–1559)

759 ± 305 seeds

(254–1587)

actual range = actual range = actual range = actual range = actual range =

range of individual

fruits

14–1727 17–3064 38–2001 126–1941

Table 4. ANOVA results for the effects of individual plant and year
on fruit set rates for F. cylindraceus in 1997 and 1998 (pooled).
Unit=plant.

Dependent variable Source of variation df F ratio P

Overall fruit set rate Plant 32 1.49 0.1693

Year 1 4.13 0.0550

Florivore abortion rate Plant 32 1.32 0.2546

(buds+fls+fruits) Year 1 4.72 0.0415

Bud abortion rate Plant 32 2.81 0.0079

(residuals non-normal) Year 1 2.55 0.1252

Flower abortion rate Plant 32 1.55 0.1486

Year 1 3.21 0.0875
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less age structure than the F. cylindraceus population,
or growth rates vary among individuals or years in
such a way as to mask age structure. The widths were
more platykurtic and shifted to the right compared to
those of F. cylindraceus.

The density of reproductive-age F. cylindraceus
plants was about twice that of F. wislizeni (89
plants/ha for F. cylindraceus, 38/ha for F. wislizeni),

Table 5. ANOVA results for the effects of individual plant and year on number of seeds per fruit.

Species & year Source of variation df F ratio P

F.cyl 98 (n = 122 fruits) Plant 27 5.57 < 0.0001

F.wis 96–98 (n = 384 fruits) Plant 55 12.49 < 0.0001

Year 2 9.45 0.0001

Figure 2. Seed number per fruit versus mean seed mass per fruit.
Each point represents one fruit. Statistics are from regression anal-
yses using a linear fitting. (a) Ferocactus cylindraceus 1998. (b)
Ferocactus wislizeni 1998.

Figure 3. Relationships between plant heights and widths. Each
point represents one plant. (a) Ferocactus cylindraceus, 1998. (b)
Ferocactus wislizeni, 1998.
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but the plots were not designed to sample density, but
to enclose a large number of plants for ease of sur-
veying.

The smallest F. cylindraceus individual that repro-
duced in 1998 was 17 cm tall and 17 cm wide. The
smallest F. wislizeni individual that reproduced in
1997, 1998 or 1999 was 11 cm high and 20 cm wide.

Of 9 F. wislizeni plants added to the study in 1998,
6 flowered for the first time (3 had been overlooked
during initial surveys). Thus recruitment to the repro-
ductive class was 6%. In 1999, 7 plants were added,

all of which were flowering for the first time (recruit-
ment of 7%). For F. cylindraceus, in contrast, 2 plants
reproduced for the first time in 1998 (recruitment of
1.5%).

In each of the paired study years, two plants of F.
wislizeni plants died (2%). Deaths averaged 3% per
year from 1995 to 1998 for F. cylindraceus. Thus F.
cylindraceus had a lower recruitment to reproductive
class and higher death rate than F. wislizeni. Observed
deaths had two apparent causes: 1) the plant fell and
was uprooted (if their roots remain in the ground,
plants that have fallen over can continue to grow and
reproduce), and 2) the plant appeared to rot from
within, possibly due to damage from insects boring
within the stem. For F. cylindraceus, more plants died
by falling over than by insect damage (6 versus 1,
1995 to 1998), while deaths of F. wislizeni were equal
in each category (2 versus 2, 1997 to 1999). No data
on seed germination or seedling recruitment were col-
lected.

In 1997 to 1998, following a wet El Niño winter,
growth of individuals of F. wislizeni was greater than
in 1998 to 1999, following a dry La Niña winter (Ta-
ble 6). This difference was significant for plant vol-
ume (t-Test = 7.479, P < 0.0001, n = 103 plants), and
for height and width (unpub. data). Size did not al-
ways increase; in some cases, plants shrank in size
(Table 6).

Size was correlated with absolute growth, with
large plants growing more than small plants (signifi-
cant only in 1997 to 1998; Figure 5). In terms of per-
cent change in volume, the relationship was the op-
posite: large plants grew less as a percent of size than
small plants (Figure 5), and this relationship was sig-
nificant in both years.

Table 6. Summary statistics (mean ± 1 standard deviation; range of values) of plant size, F. cylindraceus 1998, and F. wislizeni 1997–1999.

F.cyl 1998 n = 128 plants F.wis 1997 n = 97 plants F.wis 1998 n = 104 plants F.wis 1999 n = 109 plants

Height (cm) 70.3 ± 34.7 31.9 ± 25.7 37.8 ± 26.1 38.2 ± 19.1

(17–166) (11–212) (15–218) (18–148)

Width (cm) 29.2 ± 5.2 28.6 ± 6.6 35.3 ± 5.3 37.0 ± 5.4

(17–43) (17–45) (22–45) (25–50)

Volume (cm3) 54,665 ± 38,484 26,116 ± 40,718 42,740 ± 44,254 46,240 ± 37,464

(3,859–174,264) (3,405–337,171) (5,702–346,714) (10,088–267,814)

Change in height (cm) 1997–1998 (n = 95) 1998–1999 (n = 102)

7.2 ± 4.6 (−1 to +21) 3.1 ± 3.1 (−5 to +8)

Change in width (cm) 7.3 ± 3.0 (−1 to +14) 2.3 ± 1.9 (−3 to +8)

Change in volume (cm3) 17,648 ± 9,945 8,350 ± 9,201

(−4,337 to + 65,581) (−17,598 to +49,617)

Figure 4. Size structure of the populations. (a) F. cylindraceus,
distribution of plant heights, 1998. (b) F. wislizeni, distribution of
plant heights, 1998. (c) F. cylindraceus, distribution of plant
widths, 1998. (d) F. wislizeni, distribution of plant widths, 1998.
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For both species, the number of flowers produced
by a plant was significantly and positively correlated
with the size of that plant, although the relationship
was much stronger for F. wislizeni than for F. cylin-
draceus (Figure 6). Plant size was not a significant
factor in any of the abortion rates for F. cylindraceus
in 1998 (unpub. data), hence the plant effect on bud
abortions observed (Table 4) is not likely to be a size
effect.

Plant size did not affect mean seeds per fruit per
plant (linear regressions of ln plant volume and mean
seed per fruit per plant: F. cylindraceus 1998, R2 =

0.027, P = 0.4013, n = 28; F. wislizeni 1997, R2 =
0.027, P = 0.44766, n = 21; F. wislizeni 1998, R2 =
0.005, P = 0.7579, n = 23), so the individual plant
effects observed are not due to plant size. Individual
plant also had a significant effect on seed mass (Ta-
ble 7); however, plant size did not (linear regressions
of ln plant volume and mean seed mass per seed: F.
cylindraceus, R2 = 0.046, P = 0.2753, n = 28; F. wis-
lizeni, R2 = 0.000, P = 0.9302, n = 24), indicating
again that the plant effect is not a plant size effect.

Figure 5. Growth in volume as a function of plant size, Ferocactus wislizeni. Sizes classes are based on the ln of the plant volume (see
Methods). (a) absolute growth 1997–1998 P = 0.0002 (Kruskal–Wallis) (b) absolute growth 1998–1999 P = 0.1638 (Kruskal-Wallis) (c)
percent growth 1997–1998 P < 0.0001 (Kruskal–Wallis) (d) percent growth 1998–1999 P = 0.0002 (Kruskal–Wallis).
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Discussion

Breeding systems

The hand-pollination experiments show that, for both
species, only a tiny fraction of seeds result from self-
ing. If you include the fruits that were aborted (with
no seeds), thereby combining the fruit set and seeds
per fruit effects, for F. cylindraceus the mean seeds
per fruit for the bagged and selfed treatments com-
bined were 8 seeds, as opposed to a mean of 388
seeds per fruit for the outcrossed and open-pollinated
treatments combined. For F. wislizeni, it was 15 seeds
per fruit for bagged plus selfed treatments, versus 619
seeds for outcrossed plus open-pollinated treatments.
This means that of all seeds produced, only 2% were
from selfing (both species). This accords well with
previous work on Ferocactus showing very little seed
set from selfing (McGregor and Alcorn 1959).

Are these two species of Ferocactus self-incom-
patible? Many cacti are completely self-incompatible
(Burd 1994; Boyle 1997), and in the one case in
which the mechanism was investigated, it was found
to be a one-locus, gametophytic SI system (Boyle
1997). Interestingly, in this study some individual
plants nearly always set a few seeds from the selfing
or bagging treatments, whereas others never did (29%
of F. cylindraceus plants and 32% of F. wislizeni
plants set some seeds from bagged or selfed treat-
ments). This pattern is more consistent with inbreed-
ing depression, with the severity varying among indi-
viduals, than it is with a compatibility system (Hus-
band and Schemske 1996). The flat (unfilled) seeds
that were occasionally found in mature fruits could be
the result of self-incompatibility, selective abortion of
lower quality seeds, resource limitation, or inbreed-
ing depression (Wiens et al. 1987). It may also be that
my methods did not completely prevent outside pol-
len (such as from bees crawling on top of the mesh
covers) from reaching covered flowers. However,
strong inbreeding depression is probably the most
likely mechanism for the very low but measurable

Figure 6. Relationship between plant size (ln plant volume) and
number of flowers produced in a year. P - values are from regres-
sion analyses using a linear fitting. (a) F. cylindraceus 1998; (b) F.
wislizeni 1997; (c) F. wislizeni 1998.

Table 7. ANOVA results for the effect of individual plant on mean
seed mass per fruit, F.cylindraceus and F.wislizeni 1998.

Species df F ratio P

F.cylindraceus (n = 122 fruits) 27 4.2567 < 0.0001

F.wislizeni (n = 147 fruits) 23 14.8695 < 0.0001
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amounts of selfing in these two species of Ferocac-
tus.

Comparison of hand-outcrossed with open-polli-
nated fruit set and seeds per fruit indicate that neither
species is pollen-limited.

For both species, anthers dehisce before flowers
open (pers. obs), and flowers of F. wislizeni have been
described as protandrous (Grant and Grant 1979). If
the stigmas did not become receptive until the second
day of anthesis, then one would expect to see a dif-
ference (in fruit set or in seeds per fruit) between
flowers pollinated on the first versus the second day.
For both species, I found no such difference. How-
ever, it could be that the stigma becomes receptive
later on the first day, or it could be that the pollen re-
mains viable until the second day. Hence, the degree
of protandry (if any) is still unknown.

The two species appear to be interfertile, at least
to the extent of producing fruits and seeds. There
were no significant differences in fruit set and seeds
per fruit between interspecies crosses and intraspecies
crosses. At Desert Peak, there is a considerable over-
lap in the blooming periods of the two species (McIn-
tosh 2002). I observed several individual plants at
Desert Peak that were intermediate between the two
species in both appearance and in onset of flowering
date (pers. obs.), suggesting the possibility that these
two species do hybridize at this location. Hybridiza-
tion between F. cylindraceus and F. wislizeni has been
reported (Unger 1992), but not thoroughly docu-
mented. Specific tests of parentals and offspring with
allozymes or other molecular methods would be re-
quired to document hybridization, and to rule out the
possibility that the fruit set and seeds observed here
were actually the result of selfing.

Female reproductive output

In this study, several components of female reproduc-
tive effort and success were measured (flowers pro-
duced, fruit set, seeds per fruit per fruit, and seed
mass). Germination, establishment, and survival to re-
production were not examined, thus only pre-dis-
persal female reproductive success is evaluated here
(Wiens et al. 1987).

Because these plants have determinate flowering,
female reproductive output, as measured by numbers
of flowers produced, has an upper limit imposed by
the number of new areoles produced since the last
flowering episode. However, for F. wislizeni in 1998,
plant size explained more of the variation in flower

production per plant than growth in volume during
the previous year (unpub. data). This indicates that
growth in volume does not necessarily correlate very
well with production of new areoles, or that areoles
may be held in reserve longer than a year.

For both species, the mean number of flowers pro-
duced per individual increased each year of the study.
This is likely related to the fact that flower produc-
tion is highly correlated with plant size. As the aver-
age size per plant in a population increases each year
(assuming few small newly-flowering individuals join
the reproductive class each year, as appears to be the
case in this study), so does the average number of
flowers produced. Bowers (1998) also found that
plant size was highly correlated with numbers of
flowers and fruits in F. wislizeni, and flower produc-
tion for F. wislizeni reported here is similar to that re-
ported by Bowers (1998) (here: mean flowers per F.
wislizeni plant ranged from 23 in 1996 to 36 in 1998;
in the Bowers study, the mean was 25 flowers per
plant). Johnson (1992) also found a strong relation-
ship between plant size and flower production in an-
other cactus (Echinomastus).

Overall fruit set was 54 to 65% for F. cylindraceus,
and 94 to 96% (very high) for F. wislizeni (Table 3).
F. cylindraceus plants aborted more buds than F. wis-
lizeni plants (7 to 14% versus 1 to 2%). Bowers
(1996) found 14% bud abortion in another cactus
(prickly-pear). The mechanism underlying bud abor-
tion is not known for these plants, but it may be due
to insufficient resources to produce a flower. How-
ever, the rate of bud abortions was higher for F. cy-
lindraceus in 1998, after a wet winter, than in 1997,
following a dry winter. Individual plant was the only
significant factor affecting bud abortion rates in F. cy-
lindraceus, indicating that there may be a genetic
component. Rates of flower abortion were similar be-
tween the species (3 to 6% for F. cylindraceus, 0.1 to
4% for F. wislizeni). Flower abortion may be due to
insufficient resources to mature a fruit, or to pollina-
tion failure. Temporal patterns of bud and flower
abortion are examined separately (McIntosh 2002).

F. cylindraceus was also very heavily impacted by
a flower-eating caterpillar, Pseudoschinia elautalis
(Crambidae) (23 to 29% of flowers and buds de-
stroyed, versus 1% for F. wislizeni). Of the fruits re-
sulting from hand-pollination treatments, 46% were
destroyed in 1995, and 35% in 1996 (when insecti-
cide was used). Because this florivore attacks many
different cacti (Mann 1969), it is probably not the
host-specificity of the florivore that accounts for this
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difference. Instead, it is more likely that the florivore
does not occur in high numbers at the SRER, or is
not active at the time of year that individuals of F.
wislizeni flower. Florivores can significantly affect
both male and female reproductive success through
effects on pollinator behavior (Krupnick and Weis
1999), although such effects were not examined in
this study.

The extremely high fruit set in F. wislizeni is un-
usual for plants in general, but not for Cactaceae
(summarized in Bowers (1998)). Bowers found 93%
fruit set in another population of F. wislizeni (Bowers
1998), and fruit set rates of 53 to 89% for a prickly-
pear (Bowers 1996). An entire body of theory has
been developed to account for the phenomenon of
“excess flowers” (see especially Stephenson (1981);
Burd (1998)), with explanations including resource
limitation (Stephenson 1981; Casper and Niesenbaum
1993), pollen limitation (Casper and Niesenbaum
1993), increased pollen export (reviewed in Torres
and Galetto (1999)), architectural constraint (Diggle
1995), an overall “wider choice” model (Burd 1998),
or some combination of the above (e.g., Haig and
Westoby (1988); Casper and Niesenbaum (1993)).
The high fruit set observed in F. wislizeni does not
mean that this plant is free from any of these con-
straints, but rather that meristem limitation (referenc-
es summarized in Geber (1990)) is the first constraint
to come into play. The production of new areoles is
likely affected by resource limitation, however, so
that even though the very high fruit set observed
would at first suggest that there was no resource limi-
tation, resources may indirectly limit the number of
flowers produced in a year. Fruit set in F. wislizeni
was high in all years, perhaps because the large water
storage capacity of these plants buffers them from
variability in rainfall. In cacti with less water storage
capacity (such as prickly-pears), fruit set can be af-
fected by rainfall (Bowers 1996).

F. wislizeni plants produce significantly more
seeds per fruit than F. cylindraceus plants, and their
seeds weigh significantly more (Table 3). Individual
plant was a significant factor in both seeds per fruit
and seed mass for both species (Tables 5 and 7), but
plant size was not. With regard to seeds per fruit,
however, the lack of correlation with plant size may
be partly due to the huge variance in the number of
seeds per fruit (Table 3). When plant size was com-
pared to “maximum seeds” (the largest seeds per fruit
produced by that individual over the whole flowering
period), significant or nearly significant (P = 0.05 to

0.08) positive correlations were found for F. cylindra-
ceus in 1998 (maximum seeds versus plant width),
and for F. wislizeni in both 1997 (plant width, height
and volume) and 1998 (plant width; unpubl. data). To
factor out the variability in seeds per fruit it would be
necessary to count ovules to determine whether larger
plants consistently produce more ovules.

Seeds per fruit for F. wislizeni in this study was
similar to that found by Bowers (1996): 665 ± 381
seeds (1997) and 750 ± 302 seeds (1998) in this study,
versus 671 ± 378 seeds (October) and 971 ± 382
seeds (November; Bowers (1996)). Mean seed mass
for F. wislizeni in this study (2.6 mg) was also similar
to that found by Bowers (2 to 3 mg; Bowers (1996)).

A striking difference between the two species is
that, on a fruit-by-fruit basis, seed mass is signifi-
cantly positively correlated with seeds per fruit in F.
cylindraceus, but significantly negatively correlated
in F. wislizeni (Figure 2, Table 7). This hints that F.
wislizeni is experiencing a size/number tradeoff in
seeds per fruit, whereas F. cylindraceus exhibits a
“general vigor” (Begon et al. 1990) pattern. Because
these two species share a common ancestor (Cota &
Wallace 1996), this difference cannot be due to dif-
ferent ancestry. However, the relationship between
seed mass and seed number would have to be studied
over several years and in different populations to de-
termine if this is indeed a species-level difference.

Another difference is in individual annual fecundi-
ties, which were nearly twice as great for F. wislizeni
in 1998 as for F. cylindraceus in the same year. F. cy-
lindraceus had slightly more flowers per plant than F.
wislizeni, but this was more than offset by the differ-
ences in fruit set and seeds per fruit. Relative mea-
sures of reproductive success such as fruit set may
have little meaning for lifetime individual reproduc-
tive success, if such success is controlled by absolute
factors such as numbers of flowers or numbers of
seeds per fruit (Herrera 1991).

Plant size, growth, and demography

Growth in height occurs at the apical meristem, which
consists of an unusually large (for angiosperms; Boke
(1980)) apical dome. Growth in width results from
the widening of the peripheral zone that gives rise to
the vascular cylinder, and from growth at the vascu-
lar meristem. All water is stored in the single stem,
and thus plant size is correlated with stored water re-
sources. Barrel cacti can shrink in both height and
width during times of drought, and hence size and
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growth measurements are influenced by the water sta-
tus of the plant (Nobel 1986).

Because growth in height continues indefinitely in
these and many other cacti, plant height is correlated
with plant age. Thus the distribution of plant heights
in a population can be used to estimate the age struc-
ture of the population (Nobel 1977; Jordan and No-
bel 1981, 1982; Steenbergh and Lowe 1983; Nobel
1988; Bowers et al. 1995, 1997; Pierson and Turner
1998). In this study, the growth rates of F. wislizeni
were not measured in enough years to construct an
accurate model for this population. Because only re-
productive plants were measured, furthermore, height
distributions do not represent the entire population. It
does appear however that the F. cylindraceus popula-
tion consists of several cohorts (Figure 4), whereas
the F. wislizeni population seems to have mainly one
large cohort, with a scattering of much older plants
(Figure 4). Based on other estimates of size/age rela-
tionships in F. cylindraceus, the ages of the reproduc-
tive plants in the Desert Peak plot probably vary from
about 20 to about 90 years old (Nobel 1977; Jordan
and Nobel 1981, 1982; Nobel 1988; Bowers et al.
1995, 1997). The one outlier (height = 166 cm) may
be over 100 years old.

The growth rates achieved by F. wislizeni in 1997
to 1998 (mean = 7.2 cm growth in height) seem quite
high compared to those documented for F. cylindra-
ceus (see below). The only other study in which
growth rates were measured in F. wislizeni found a
growth rate of about 2 cm in height per year (Mac-
Dougal and Spalding (1910), as reported in Nobel
(1977)). The abundant rains of the 1996 to 1997 El
Niño winter undoubtedly contributed to this high
growth rate, and in fact part of the apparent growth
may be due to increased turgidity (rather than actual
new tissue). Growth rates in 1998 to 1999 were
slower (mean of 3.1 cm growth in height). Produc-
tion of new areoles, a better measure of actual growth
(Nobel 1986), was not measured here. Growth in
overall plant volume increased with plant size (age),
but relative growth was negatively correlated with
plant size.

Growth was not measured for F. cylindraceus in
this study; however, other studies have estimated
growth in height rates as 0.9 cm per year (Jordan and
Nobel 1982), 1.4 cm per year (Nobel 1977), and 3.1
cm per year (Bowers et al. 1997). In comparison,
saguaro growth in height rates rise from about 2 cm
per year for very small plants, to a maximum of about
14 cm per year before the plant begins flowering (at a

height of about 250 to 350 cm), then declines to about
7 to 8 cm per year (Pierson and Turner 1998). Mini-
mum reproductive size for F. wislizeni in this study
( � 20cm width) was similar to that found by Bowers
(1996): 15 cm width. Bowers estimates that individu-
als are about 10 years of age when they achieve re-
productive status (Bowers et al. 1997).

As in many long-lived, non-clonal woody desert
perennials (Shreve 1917; Bowers et al. 1995), the pro-
portion of seeds produced by these cacti that germi-
nate, establish, and achieve reproductive size is van-
ishingly small. The population of F. cylindraceus at
Desert Peak was producing roughly 387,245 seeds per
season, but only 2 plants joined the reproductive class
that year (1998). The F. wislizeni population produced
roughly 112 million seeds annually, with 6 individu-
als becoming reproductive in 1998. The high fecun-
dity and low recruitment to the reproductive class ob-
served in these cacti are consistent with elasticities
reported for saguaros (based on data in Steenbergh
and Lowe (1977)), in common with other large, long-
lived perennials (such as sequoias; Silvertown et al.
(1993)).

Conclusions

For F. cylindraceus, both extrinsic (florivore damage)
and intrinsic (spontaneous abortions of flowers and
buds; meristem limitation) factors were important in
limiting reproductive output. For F. wislizeni, mer-
istem limitation was the major factor affecting repro-
ductive output. This study demonstrates that these
two sister species share many similarities in their re-
productive biology: both are functionally outcrossers,
and for both, plant size has a considerable impact on
reproductive output, primarily through flower produc-
tion. Because these plants characteristically have high
fruit set rates, and because of the large number of
seeds per fruit, each flower can account for a high
proportion of a plant’s annual seed production – i.e.,
every flower counts. This is in contrast to many other
plants that produce large numbers of “excess” flow-
ers. Comparisons between this study and other stud-
ies of the reproductive ecology of cacti will help es-
tablish how many of these characteristics are common
to cacti as a group.
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