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Abstraet: The cacti of the American Southwest, defined as the region from
southern California to Texas, are surveyed for types of pollination systems and
their frequencies. Four types of pollination systems are known to occur in the
southwestern cactus flora: bee, hammingbird, hawkmoth, and bat pollination.
Two other modes are suspected but not documented: miscellaneous small-
insect pollination and autogamy.—Bee flowers comprise a wide and nearly
continuous series of size classes from very small to very large. The large bee
flowers, with perianths 5.5 to 12.5cm in diameter, form a prominent but
arbitrarily delimited subcategory in the bee pollination system. Promiscuous
flowers and autogamous flowers, if they occur, are included with the medinm-
sized and small bee flowers in our present classification, due to lack of
information, and will have to be separated out when our knowledge is more
complete. The overwhelming majority of species in the southwestern cactus
flora are bee flowers. Between 39 and 44%, of the species are large bee flowers.
Another 50 to 56% of the species are classified as medium-sized and small bee
flowers; while some of these may twrn out to be promiscuous flowers and
autogamous flowers, most of them are undoubtedly bee flowers—Humming-
bird, hawkmoth, and bat pollination are conspicuous but statistically minor
components of the pollination spectrum, occurring in only one or a few species
{see Table 2). Hummingbird pollination has arisen from bee pollination in the
Southwest. The species or species groups with hawkmoth and bat pollination,
on the other hand, are basically tropical groups which developed their
advanced pollination systems in the tropics.

The pollination spectrum of a plant group or phytogeographical
region is described by the types of pollination systems and their
frequency distribution. This paper is a first attempt to portray the

# Pollination of North American Cacti, V. See also Grant & Grant (1979a),
GranT & al. (1979), Graxt & Grant (1979b), Grant & HUurp (1979).
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pollination spectrum of the cacti in the American Southwest. The
evidence now available is sufficient for such a first attempt. However, it
is necessary to realize that there are large gaps in the evidence which
will have to be filled in by future studies.

Porscr (1938, 1939) recognized five main pollination systems in the
family Cactaceae as a whole. These are: bee flowers, promiscuous
flowers (Blumen mit gemischtem Besucherkreis), hummingbird
flowers, hawkmoth flowers, and bat flowers. All of these systems are
present in the southwestern cacti, but their frequencies are very
unequal.

The terms—Dbee flowers, bat flowers, etc.—as used here do not imply
exclusiveness. We mean that the primary adaptations of the flowers are
to a given class of pollinating agents. Other classes of agents may visit
the flowers too but play a secondary role.

The American Southwest is defined for our present purposes as the
region from southern California to Texas. The taxonomy of the cacti of
this region has been worked out by Benson (1969a, 1969b, 1969¢). This
provides a necessary foundation for comparative pollination-ecological
studies.

Bee Flowers and Promiscuous Flowers

The floral syndrome of large, diurnal, colorful, bowl-shaped flowers
with numerous petals and stamens is widespread in southwestern cacti,
oceurring commonly in Opuntia, Echinocerens, and other genera, and is
associated with pollination by medium-sized and large bees.

Porscr’s (1938) category of promiscuous flowers (Blumen mit
gemischtem Besucherkreis) has the following syndrome. The flowers
are diurnal, medinm-sized to small, radiate or disc-shaped, with
numerous stamens, and having a variously colored perianth (white,
yellow, pink, ete.). The nectar is not buried in a floral cup or tube but is
easily accessible to short-tongued insects, and the pollen is also readily
accessible. PorscH (1938) cites examples from Pereskia, Lophophora,
Rhipsalis, and other genera.

Porscr included some medium-small bowl-shaped flowers in his list

- of examples of promiscuous flowers, thus broadening the definition of
this category, but we believe that a restricted definition of promiscuous
flowers is more useful. Our line of thought is as follows.

Large bee flowers and promiscuous flowers do not form distinct
classes. The one type grades into the other through a third intermediate
class of medium-small, diurnal, bowl-shaped flowers. Such flowers are
common in the southwestern cacti, occurring. in some species of
Mammillaria, Opuntia, and other genera.

The intergradation in flower size can be demonstrated by taking the
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Table 1. Frequency distribution of perianth sizes in southwestern cacti
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normal maximum perianth diameter for each species as given in
taxonomic descriptions. This has been done for the cactus floras of
Arizona and Texas on the basis of BENSON's (1969a, 1969¢) treatments.
The results are shown in Table 1. There is an essentially continuous
series from very small to quite large flowers in the two floras. Under
these conditions the distinction between large and small flowers is an
arbitrary one. We have found it convenient to draw the arbitrary
dividing line between 5.0 and 5.5 cm.

Most of the small and medium-sized flowers are bowl-shaped, while
relatively few are radiate or disc-shaped, in the southwestern cacti and
indeed in the family as a whole. There are intermediate conditions
between bowl-shape and disc-shape, depending on the angle of spread
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of the perianth segments, but the two types can usually be recognized
in their extreme conditions.

We suggest, therefore, that the array of flower size and form
variations could be grouped into three rather than two intergrading
categories. These are: large bowl-shaped flowers, medium sized to small
bowl-shaped flowers, and medium or small disc-shaped flowers.

¢ The large bowl-shaped flowers are now known to be pollinated by
medium-sized and large bees in a number of representative species
[ Echinocereus fasciculatus (ENGELM.) L., Ferocactus wislizenit (ENGELM.)
Br. & R.; Opuntia lindheimeri ENGELM., etc.] (GRANT & GRrANT, 1979a,
1979b; GRrANT & al. 1979; GranT & HURD 1979). The modes of
pollination in the smaller bowl-shaped flowers and disc-shaped flowers
have not been investigated. The medium-sized and small bowl-shaped
. flowers are probably also bee flowers.

Porscn (1939) made the plausible prediction that the pollinators of
the disc-shaped flowers would consist of a wide range of small insects,
particularly short-tongued bees, flies, wasps, and small beetles. This
prediction is, in general, consistent with what is known about flowers
with this syndrome outside the Cactaceae (see KNUTH, 1906-1909;
KUuGLER, 1970, pp. 1971f.; etc.). However, direct observational evidence
for disc-shaped flowers in the Cactaceae is much needed. PorscH’s
category of disc-shaped promiscuous flowers is in many respects the
most poorly known pollination class in the Cactaceae.

_ It should be noted that some disc-shaped flowers, for instance those
in Opuntia fulgide ENGELM., are probably bee flowers (GRANT & HURD
1979). The possibility should also be kept in mind that some very small
and inconspicuous flowers, such as those in Epithelantha, may turn out
to be autogamous or partially so.

It is interesting that fly flowers, which are well developed in the
cactus-like stapeliads of Africa, are absent among the cacti of the
Southwest and indeed in the family as a whole (FAEGRT & VAN DER P1jL
1971, p. 119). We formerly thought that beetles were important polli-
nators of southwestern cacti, but this conclusion has not stood up under
further investigation (see GranT & HURD 1979).

Bird, Moth, and Bat Flowers

Red tubular hummingbird flowers are fairly common in the cactus
floras of the Andean and other tropical American regions (Porscu 1937,
1939). By contrast, this pollination system is very uncommon in the
American Southwest. It occurs here in only one species, Echinocereus
triglochidiatus ENGELM. (GRANT & GRANT 1967). Even this may be an
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overestimate. More extensive investigation of Echinocereus tri-
glochidiatus may well reveal that it is not exclusively hummingbird-
pollinated but is a facultative bird-and-bee flower.

The hawkmoth-flower syndrome, consisting of strongly-scented
night-blooming flowers with white or whitish perianths and long
slender nectar-containing floral tubes, is present in Cereus, Tricho-
cereus, Selenicereus, Discocactus, Epiphyllum, and a number of other
cactus genera (PorscH 1939). Few pollination records are available for
these plants; PORSCH cites one case involving cultivated Cereus jama-
caru DC. and native Phlegethontius sexte JOH. in a botanic garden in
Chile. Enough is known about the distinctive flower syndrome in other
plant families, however, to justify reliable predictions in the cacti.

There are two species of Cereus in the Southwest with the hawk-
moth-flower syndrome. These are Cereus pentagonus (L.) Haw. (dcan-
thocereus p.) and Cereus greggi ENcELM. (Peniocereus g.). Both species
have floral tubes 10 cm long or longer. Both species occur in Texas and
one of them (C.greggii) occurs also in Arizona. Cereus pentagonus is a
wide-ranging tropical American species which barely gets into southern
Texas; it is therefore only a marginal member of the southwestern
cactus flora. Needless to say, pollination records should be sought for
this and other hawkmoth-flowered cacti.

The bat-flower syndrome is characterized by large, nocturnal,
whitish, bowl-shaped flowers, with unpleasant odors and abundant
nectar. PorscH (1939) first called attention to the occurrence of this
syndrome in the Cactaceae. VOGEL (1968), in a critical review, finds that
bat flowers are widespread in tropical and subtropical members of the
tribe Cereene, where they oceur in some 37 genera and about 160 species.

Moran (1961, 1962) has obtained a bat pollination record in the
Cactaceae in nature. He found Pachycereus pringlei (S. Wars.) Br. & R.
being visited and pollinated by bats in southern Baja California. Birds
and insects play a secondary role in pollination.

The cactus flora of the American Southwest contains three species
of bat flowers. These are: Carnegiea gigantea (ENcELM.) Br. & R.,
Lemaireocereus thurberi (ENceLM.) Br. & R. (Stenocereus t.), and
Lophocereus schottii (ExgELM.) BR. & R. In the American Southwest all
three species occur in Arizona and Carnegiea extends into extreme
eastern California.

Experimental tests with caged plants confirm the prediction of bat
pollination for Carnegiea gigantea (ALCORN & al. 1959; McGREGOR & al.
1962) and for Lemaireocereus thurberi (ALCORN & al. 1962). The bat
species involved in the tests is the glossophagine bat Leptonycteris
nivalis, which is undoubtedly a principal pollinator in nature. Birds and
bees also visit the flowers in nature.

3 PL Syst. Evol,, Vol. 133, No. 1—2



34 V. Grant and KarexN A. GRANT:

Pollination Spectrum

The percentage frequencies of the various pollination systems in
southwestern cactus floras are given in Table 2. We do not have the
information at present to estimate the frequency of disc-shaped
promiscuous flowers. This class of flowers is grouped with the small and
medium-sized bee flowers. This grouping does not distort the picture
very much since the disc-shaped promiscuous flowers are probably bee-

Table 2. Frequency of different pollination systems in three southwestern
cactus floras

Pollination System No. and % of species in cactus flora of:
Arizona Texas S. California
No. % No. % No. %
Large bee flowers 27 40.3 27 39.1 15 44.1
Medium and small
bee flowers* 35 52.2 39 56.5 17 50.0
Hummingbird flowers 1 1.5 1 14 1 2.9
Hawkmoth flowers 1 15 2 2.9 - —
Bat flowers 3 4.5 — — 1 2.9

Total 67 69 34

* May include a’ contingent of promiscuous flowers and autogamous
flowers; see text.

pollinated to a substantial extent anyway. Of course, as noted earlier, it
is desirable to seek more direct evidence concerning disc-shaped flowers
in the Cactaceae. The advanced pollination systems (bird, moth, and
bat pollination) did not present a comparable problem because these
classes are well defined.

We see in Table 2 that the cactus floras of Arizona, Texas, and
southern California consist preponderantly of bee flowers (including an
unknown small contingent of promiscuous flowers). The advanced
pollination systems in these floras, though interesting and conspicuous,
represent only minor elements statistically in their respective floras.
The southern California cactus flora is the poorest of the three in these
advanced pollination systems.

It is interesting to look at a tropical American cactus flora for
comparison. The cactus flora of Jamaica is useful for this purpose
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because it is a geographically discrete entity, has been treated taxo-
nomically (by FawcerT and RENDLE 1926), and has been studied from
the standpoint of hummingbird flower visits (by Lack 1976).

Table 3 gives the percentage frequency of the various flower classes
in Jamaican cacti. We see, as expected, a much higher proportion of
hummingbird and hawkmoth flowers than in the southwestern cactus
floras.

Table 3. Frequencies of different flower classes in the cactus flora of Jamaica.
[Based on data in Fawcerr and RENDLE (1926) and Lack (1976)]

Pollination System No. species %

Promiscuous flowers

(in Rhipsalis) 3 20.6
Bee flowers

(in Opuntia, Pereskia) 5 33.3
Hummingbird flowers

(in Nopalea, Melocactus) 2 13.3
Hawkmoth flowers

(in Cereus) 4 26.7
Bat flowers

(in Stenocereus) 1 6.7
Total 15

Discussion

The most primitive type of flower in the Cactaceae is that found in
the primitive genus Pereskia. As exemplified by P. aculeata (PLuM.)
MiLr. and other species, the flowers are day-blooming, medium-sized,
radiate or disc-shaped, with numerous stamens, and a variously colored
perianth (white, yellow, pink, etc.). They could be either bee flowers or
promiscuous flowers.

The bowl-shaped bee flowers which are so common in the American
Southwest are about one evolutionary step removed from the open disc-
shaped type of flower, and are probably derived phylogenetically from
it. The large bowl-shaped flowers in this region are probably products of
parallel evolution where they occur in the separate tribes, Opuntieae
(Opuntia) and Cereeae (Ferocactus, Echinocactus, Echinocereus, ete.).
Bee pollination is obviously a very successful pollination system in the
Southwest and has been adopted by numerous cactus species belonging

3*
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to different tribes and genera. The Southwest is a region rich in native
bee species (HURD 1978).

The one species of hummingbird flower in the Southwest (Echino-
cereus triglochidiatus ENGELM.) occurs in a predominantly bee-flowered
genus and represents another evolutionary step, in this case away from
bee pollination. It is not clear why there are not more hummingbird
flowers in the cacti of the Southwest.

The hawkmoth-flowered and bat-flowered cacti of the Southwest
represent a different situation in which Mexican and other tropical
American floristic elements have extended into the Southwest. This is
the case in the two hawkmoth-flowered species of Cereus, and par-
ticularly in Cereus pentagonus (L.) Haw. which is widespread in tropical
America and only marginally present in our area.

It is also the case in the three species of columnar cacti with bat
flowers in Arizona. GiBsoXN, who has made a phylogenetic study of the
large columnar cacti, finds that the Arizona species are the end-points
of separate lines which come together in groups in southern Mexico
today (G1BsoN 1978, and personal communication). Hawkmoth and bat
pollination have not evolved to any considerable extent in the south-
western cactus flora, but have entered this flora from more southern
areas.

This study was supported by National Science Foundation Grant DEB
76-81274.
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