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COMPARATIVE POLLINATION BIOLOGY OF
VENEZUELAN COLUMNAR CACTI AND THE ROLE OF
NECTAR-FEEDING BATS IN THEIR SEXUAL
REPRODUCTION!
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2 Instituta de Biologia Experimental, Facultad de Ciencias, Universidad Central de Venezuela, Apartado Postal 47114,
Caracas 1041-A, Venezuela; and
I Departamento de Estudios Ambientales, Universidad Simdn Bolivar, Apartado 8§9.000, Caracas 1080, Venezuela

The floral biology, reproductive system, and visitation behavior of pollinators of four species of columnar cacti, Steno-
cerels griseus, Pilosocerens maritzianus, Subpilocerens repandis, and Subpilocereus horrispinus, were studied in two arid
zones in the north of Venezuela. Our results support the hypothesis that Venszuelan species of columnar cacti have evalved
toward specialization or bat pollination. Additional information on the floral biology of a fifth species, Pilosocerews lanu-
ginosus, was alse included. All species showed the typical traits that characterize the pollination syndrome of chiropterophily.
All species but Pilasocerens moritzianus were obligate outerossers. Nectar and pollen were restricted to nocturnal floral
visitors. Two species of nectar-feeding bats, Lepronycteris curasoae Miller and (lossophaga longivastris Miller, were re-
sponsible for practically all the fruit set in these cacti. Frequency of bat visitation per flower per night was highly variable
within and between species of cactus, with average frequencies varying between 27 and 78 visits - flower-! - night". In
general terms, the pattern of floral visitation through the might was significantly correlated with the pattern of nectar
production and nectar sugar concentration for all species of cactus. Under natural pollination, fruit:flower ratios varied from
(.46 in Subpilocereus repandus to 0.76 in Stenocereus grisens. The efficiency of bat pollination in terms of seed-ovule ratio

was high in all species, varying between 0.70 and 0.94.

Key words:

Although many species of columnar cacti are pre-
sumed to be pollinated by bats based on their fioral char-
acteristics (Valiente-Banuet et al., 1996), little is known
about their reproductive biology and pollination ecology.
Early studies of the pollination biology of saguaro (Car-
negia gigantea) and organ pipe cactus (Stenocereus thur-
beri) demonstrated that bats were important nocturnal
pollinators of cacti (Alcorn et al., 1959; McGregor, Al-
corn, and Olin, 1962). Recent studies have increased the
list of chiropterophilous species of cactus from North,
Central, and South America with details of the bat—plant
interaction. Among these species are Weberbauerocereus
weberbaueri (Sahley, 1995), Stenocereus griseus, Sub-
pilocereus repandus (Petit, 1995a), Stenocereus thurberi,
Carnegia gigantea, Pachycereus pringlei (Fleming et al.,
1994; Fleming, Tuttle, and Homer, in press), and Neo-
buxbaumia tetetzo (Valiente-Banuet et al., 1996).

Effectiveness of bat pollination and degree of plant
specialization on these pollinators are still open ques-
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tions. Relatively low values of fruit:flower ratio and high
levels of ovule and seed abortion in chiropterophilous
species (Sutherland, 1986; Ramirez, [993) are partial ev-
idence of the apparently low effectiveness of these pol-
linators in some species. The presence of mixed-species
loads of pollen on bats (Baker, 1973; Heithaus, Opler,
and Baker, 1974; Heithaus, Fleming, and Opler, 1975;
Gould, 1978, Lemke, 1984), the disproportionate size be-
tween a bat and a stigma (Hokche and Ramirez, 1990),
and the active consumption of pollen by several nectar-
specialized species (Howell, 1979; Soriano, Sosa, and
Rossel, 1991) are some of the arguments that could be
used to support the low bat pollination effectiveness hy-
pothesis. On the other hand, bats have been identified as
very active and regular flower visitors of many plant spe-
cies, transporting abundant pollen loads on different parts
of their bodies (Heithaus, Opler, and Baker, 1974; Sazima
and Sazima, 1977, 1978; Howell, 1979; Eguiarte, Mar-
tinez del Rio, and Arita, [987). Fleming, Tuttle, and Hor-
ner (in press) studied in detail the pollination effective-
ness of bats in Mexican columnar cacti and found con-
vincing evidence that one species of nectar-feeding bat,
Leptonycteris curasoae (Phyllostomidae: (Glossophagi-
nae) is an effective pollinator of cardon (Pachycereus
pringlei), saguaro (Carnegia gigantea), and the organ
pipe (Stenocereus thurberi). They found bats to be more
effective pollinators per flower visit than birds and bees
in saguaro and organ pipe, and almost equally effective
as birds in cardon.

Genetic self-incompatibility and hermaphroditic sexual
condition have been associated with relatively low levels
of fruit set in many species of plants (Sutherland and
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Delph,1984; Sutherland, 1986). In contrast, high levels
of fruit and seed set have been reported for self-incom-
patible and bermaphroditic chiropterophilous columpnar
cacti, suggesting that in this group of plants bat pollina-
tion is highly effective (Alcorn et al., 1959; McGregor,
Alcorn, and Olin, 1962; Fleming, Tuttle, and Horner, in
press; Petit, 1995a; Sahley, 1995; Valiente-Banuet et al.,
1996). The condition of solitary flowers, which occurs in
all cacti, also contributes to an increase in the overall fruit
set of these species (Ramfrez and Berry, 1993).

In this paper we describe the pollination biology of
five species of Venezuelan columnar cacti: Stenocereus
griseus, Pilosocereus moritzianus, Pilosocereus lanugi-
nosus, Subpilocereus repandus, and Subpilocereus hor-
rispinus. The two aims of this study were, first, to char-
acterize and compare the pollination biology of these spe-
cies, and second, to determine degree of effectiveness and
relative importance of nectar-feeding bats as pollination
agents of Venezuelan columnar cacti. OQur results support
the hypothesis that Venezuelan columnar cacti are spe-
cialized for bat pollination.

MATERIALS AND METHODS

Study area and species—The study sites were lacated in the arid
zones of two coastal states of Venezuela: (1) “Pueblo de Mamao,” 10
km west of ““Simdn Bolfvar' International Airport {10° 33’ N and 67°
02" W), Distrite Federal, on the central coast; and (2) “Peninsula de
Paraguand™ (11® 56" W-69° 56' W, and 11° 58" N-70° 01" W), northern
pottion. of Faledn State, northwest coast of Venezuela, At Puebla de
Mamo field work was conducted between April and August 1990 and
between Tanuary and April 1991; at Peninsula de Paraguand field work
was conducted between September and December 1990, Pueblo de
Mamoa has a well-defined rainy season, with a mean annual precipitation
of 312.7 mm, most rainfall oceurring during July, November, and De-
cember (MARNR, 19%1a). The average annual temperature is ~ 26.1°C
(MARNR, 1991a). The topography of the area is characterized by low
to moderate hills, 1000 m rall. At Peninsula de Paraguand rainfall oceurs
from October to mid-January, with a mean annual precipitation of -~
450 mm (MARNR, 1991b). Meat annual temperature is ~ 28°C mm
(MARNR, 1991h). Winds in the east and northeast direction are very
frequent in most of the peninsula. Locations selected in Peninsula de
Paraguand included extensive flatlands and a few small hills with low
slopes. Both study sites are classified as tropical spiny scrub lifezone
according to the Holdridge system of classification (Ewel, Madriz, and
Taosi, 1976). In the “Map of Venezuelan Vegetation™ (Huber and Alar-
cén, 1988), Pueblo de Mamo’s vegetation. is classified as *“xerophilous
littaral shrubs,” and the sites studied at Peninsula de Paraguand corre-
spond to the ““xerophilous spiny shrubs® category.

The study included five species of columnar cacti: Stenocereus gri-
sens {Tribe Pachyecereeae) and Pilosocereus movritzianus {Tribe Pachy-
cereeas) at Pueblo de Mamo, and Subpilocereus repandus (Tribe Cer-
ecae), Subpilocereus horrispinus (Tribe Cereeae), and Pilosocereus lani-
ginasus (Tribe Pachycereeae) in Peninsula de Paraguand. The latter spe-
cies was only included in the comparative morphological analysis. With
respect to flowening phenology at the study sites, Stenocereus griseus
flowers throughout the year {A. Castilla, Centro de Botdnica Tropical-
UCV), Pilosocerews moritzianus between March and July (this study),
Subpilocereus repandus between March and November, Subpilocereus
horrispinus hetween August and November, and Pilasocereus lanugi-
nasws between July and October (R. Wingfield, BIOMA. [Fundacidn
Venezolana para la Conservacidn de la Naturaleza]; and this study).
Other coanspicuous elements of the vegetation in these areas include
species of Mellocactus, Mammiliaria, Pereskia, and Opuntia among the
Cactaceae, Acacia tortuasa (Fabaceae), and Agave cocuy (Agavaceae).
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This Jast species was only observed at Pueblo de Mamo, and its flowers
are visited by nectar-feeding bats, hummingbirds, and bees.

Floral characteristics—We collected 28-31 mature flowers from a
minimum of 15 different individuals of each species of cacti, and pre-
served them in 70% ethapnol for morphological analysis. We described
floral shape, ador, and perianth color from fresh material. The following
flower measurements were recorded (Fig. 1) external and internal
length, perranth diameter, distance from anthers (located at the top of
floral tube) and stigma to base of floral tube, number of stamens/flower,
number of evules/flower, and number of sesds/open pollinated flower.
The number of pollen grains/anther was estimated indirectly using Neu-
bauer chambers with known dilution volumes of pollen grains obtained
from three anthers of five flowers of each species of cacws (Lloyd,
19635). To estimate the number of pollen grains praduced per flower, the
number of pollen grains/anther was multiplied by the average number
of anthers per flower. Pollen:ovule and seed:ovule ratiog were estimated
by dividing the mean number of pollen grains per flower and seeds
produced per flower by the mean number of ovules per flower. The
pollen grain area of contact (A= m#') was calculated measuring the
diameter (2#) of a pollen grain with an optical microscope. The stig-
matic area was estimated using image amplification and drawings of
stigmas with a stereoscopic microscope and measuring the area with a
LI-COR portable area meter (Model LI-3000, LI-COR, Lincoln, Ne-
braska). We estimated the maximum load capacity of pollen grains per
stigma by dividing the stigmatic area by the pollen grain area of contact.
That quantity reflects haw many pollen grains could potentially make
direct cantact with the stigmatic surface, however, this method of cal-
culation must be considered a first approach that might underestimate
{overlapping of grains) or overastimate {(empty spaces hetween adjacent
grains) the maximum load capacity of pollen grains per stigma. We
used 10-60 individuals of each species to determine temporal and spa-
tial distribution of flowers per individual plant on a weekly basis. The
monitoring included the number of unopened fAoral buds per plant per
week, number of apen flowers per plant per night, and the minimum
and maximum flower heights {in metres) with respect to ground level,

Floral rewards—The process of anthesis was recorded from a total
of 28-34 flowers from 20 to 30 different individuals of each species of
cactus, Observations began in late afternoon (1700), when all the floral
buds were completely closed. Nectar production {in millilitres) was de-
termined for each species in 18-34 flowers from 18 to 25 different
plants, by measuring nectar secretion from emasculated and bagged
flowers with microcapillary tubes. Measurements were made each hour
without replacement of the nectar extracted, starting befare flower an-
thesis until the end of the secretion period. Flowers included in this
analysis were temporally distributed over > 45 d for each species. We
estimated the total nectar production per plant per night by multiplying
the average value of nectar production per flower per night times the
average number of open flowers per plant per night. Nectar sugar con-
centration (percentage sucrose equivalent units) was measured in these
flowers each hour starting at the beginning of secretion, using a Bausch
& Lomb hand refractometer.

Floral visitors—Ihurnal and nocturnal floral visitors were observed,
captured, or phatographed, and identified. Flower visitation behavior of
bats was studied and described in detail by standing ~ 2 m from the
base of the cactus in flower. We recorded duration and visitation be-
haviar, and calculated the percentage of bat visits to individual flowers
in alternate imtervals of 30 min from total number of visits per flower
per night. Bat visitation was recorded from sunset until bats ceased
foraging. Total number of bat visits per flower per night was calculated
by adding the number of visits recorded in each interval of 30 minutes
over the night and averaged over all flowers considered per species. The
maximum number of bats visiting simultaneously a plant during the
night was also determined by direct observation and averaged over all
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Floral diagrams of five Venezuelan columnar cacti species and sehematic representation of mature floral bud showing floral measurements

studied. Figure Abbreviations: SG, Stenocereus griseus; PM, Pilosocereus movitzianus, PL, Pilosocereus lanuginosus, SH, Subpilocereus horris-
pirws, SR, Subpilocerens repandus, NC, nectar chamber; EL, external length; IL, internal length; PW, perianth width; SD, stigma height; AD,

anthers height; a, anthers; s, stigma; t, tepal; ft, floral tube; and o, ovary.

plants considered per species. For duration, visitation behavior, and fre-
quency of visitation we used a total of 13-24 flowers from at least ten
different individuals of each species of cactus.

Breeding system and pollinator exclusion treatments—Five differ-
ent pollination treatments weee applied to [7-58 flowers of each species
to determine its sexual system: (1) natural pollination {flowers exposed
to all pollination agents), (2) self-pollination without manipulation
(bagged flowers isolated from all visitars), (3) induced self-pollination
(flowers hand-pollinated with their own pollen and bagged), (4) cross-
pollination {hagged flowers hand-pollinated with pollen from plants of
the same species separated from the focal females by at least 30 m),
and (5} agamospermy (bagged emasculated flowers). Hand-pollination
was performed by rubbing vigorously a cluster of anthers of one flower
agajnst the stigma of the focal fermale. Self- and eross-pollination treat-
ments were repeated on each flower at three different times during the
night: 2000, 2200, and 0100 to guarantee stigma receptivity and paollen
viability. These times correspond, respectively, to 1-, 3-, and 6-h old
pollen grains {after flower opening). No more than three flowers of the

same individual were used for each test, except in S. horrispinus, a rare
species present in relatively low density, in which up to six flowers
from the same individual were used for each treatment.

We conducted exclusion experiments to determine the relative im-
portance of bats as pollinators in each species of cactus. Thirty-one to
38 flowers from each species were isolated from visiting bats by sur-
rounding them with spherical wire enclasures 20 ¢cm in diameter. These
enclasures had enough space between wires to permit visitation by
maoths, hawkmaths, hummingbirds, bees, and other potential pellinators,

- but precluded visitation by bats. Bees and hummingbirds were observed

visiting flowers isolated from bats without problem. We determined the
fruit:flower ratios for all treatments. The index of self-incompatibility
(ISI) (fruit:Aower ratio via selfing divided by fruit:Aower ratio via out-
crossing) was calenlated (Bullock, 1985).

Statistical analyses—Variables were compared among species using
ane-way ANOWVAs and the Spjgtvell and Stoline's test for unequal sam-
ple sizes for post hoe comparisons of means. If assumptions of the

ANOVA were not met, then data were transformed to their npatural
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TABLE 1.

NASSAR ET AL—POLLINATION BIOLOGY OF COLUMNAR CACTI 921

Floral characteristics of the five species of columnar cacti. Data are means {*1 SE). Species: Stenocereus grisens (3G, Pilosocereus

maritzianus (PM), Pilosocerens lanuginosus (PL), Subpilocereus repandus (SR), and Subpilocereus horrispinus (SH). Test: one-way ANOVA
{F), Kruskal-Wallis ANOVA (H). Roman numbers indicate results of post hoc comparisens.

Chara¢ter N 3G PM PL SR SH Test
External length (cm) 22-26 5.1t 437 42! g.1v 5.9 H =933
0.15) (0.06) (0.15) 0.14) 0.12) P < 0.001
Internal length {em) 20-26 3.581 3.5 3.6 5.4 440 F =152
{0.11} €0.09) (0.13) (0.16) (0.08) P < 0001
Perianth width {cm) 22-26 2.1 2.50 2.3 220 2.1 H =339
{0.04) (0.02) (0.06) {0.04) (0.04) P = 0.001
Anther height (em) 17-25 3.6 3.3 3.1t 4.4 4.6M F =12389
{0.13) {0.13) 0.11) (0.14} .11 P < 0001
Stigma height (cm) 17-25 3.61 4.7% 4.0 4.5 4.7 F=408
{0.07) (0.04) (0.16) (0.12}) 0.09 P <0001
Pollen grain area {10~ em?) 30 3. 7m 3.51 2.8 .41 3.3n F =437
(0.05) (0.09) {0.05) (0.07) ¢0.05) P = 0.0001
Stigma area (cm?) 18-23 2.4M 1.0t 1.1t 1.40 2.3 F =562
(0.16) {0.05) (0.04) {0.06) {0.10 P < 00001
Maximum number pollen grains/ 18-23 6.5 291 34qn 4.1 6.8 F o= 164.7
stigma (> 10%) (0.42) ¢0.14) {0.14) (0.21) (0.29) P = 0.0001
Number of stamens/flower 21-33 1180 291 7970 1295t 687! F =533
(55.0) 26.1) (28.2) {35.6) (16.1) P < 0.0001
Number pollen grains/ 21-33 17.2m 21.6% 13.51 16.61 10.0t F =788
flawer (% 10%) (0.81) (0.63) (0.47) (0.46) (0.24) P < 0.0001
Number avules/flower 28--31 16951 35550 45511 15744 14417 F = 1534
(86.7) (105.8) (196.9) 67.0) (56.6) P < 0.0001
Number seeds/flower 15~27 15810 2496M — 14830 11231 H =359
(62.2) (165.3) {93.0) (51.6) P < 020001
Pallen : ovule ratic — 1016 607 296 1054 691 —
Seed : ovule ratio — .93 a.70 — 0.94 0.78 —

logarithms. One-way Kruskal-Wallis ANOVA was used when the as-
sumptions of the parametric ANOVA were not met even with log trans-
formation of values. Nocturnal patterns of nectar production and nectar
sugar concentration were compared between pairs of species using pro-
duct-moment correlation analysis. Temporal patterns of bat visitation to
flowers were compared between pairs of species using Kolmogorov-
Smirnov two-sample tests. Product-moment comelation analyses were
alse conducted to examine associations between nectar secretion rates,
sugar nectar concentration, and frequency of bat visitation.

RESULTS

Floral characteristics and reward availability—Qual-
itative and quantitative floral traits of the five species of
columnar cacti studied were very similar (Fig. 1). Floral
tubes were greenish externally except in Stenocereus gri-
seus, in which the dominant color was purple-brown. The
dominant color of the petaloid segments was white for
all species but S, griseus, in which the perianth was pink-
ish and could be considered visually attractive to diumal
visitors. A characteristic odor similar to decomposed veg-
etables was detected in different intensities in each spe-
cies but 5. griseus, in which a more fragrant aroma conld
be distinguished. Flowers were funnel-shaped, with thick
walls of fleshy to leathery tissue surrounding the sexual
organs. All of these characteristics correspond to the clas-
sic syndrome of chiropterophily (van der Pijl, 1961; Fae-
gri and van der Pijl, 1979).

Even though statistically significant interspecific dif-
ferences were detected in the morphological characteris-
tics of the flowers, these differences were small in ab-
solute magnitude (Table 1); therefore we conclude that
these species have a common floral morphological pat-
tern. The distance between the stigma and the base of the

hypanthium was not significantly different from the dis-
tance between the top anthers and the base of the hypan-
thium in S. griseus, S. repandus, and S. horrispinus (U
= —0.020, P = 098, I = 0404, P = 0.68;, I = —1.82,
P = 0.069, respectively). On the other hand, in Piloso-
cereus lanuginosus and P. moritzianus the stigma was
considerably exserted (U = 6.05, P < 0.0001; ¥/ = 3.21,
P < 0.0013, respectively) and significantly higher than
the anthers; therefore, the former three species are con-
sidered nonherkogamous and the latter two herkogamous.

Flowers of all species are hermaphroditic. As in the
case of morphological measurements, significant inter-
specific statistical differences were detected in all repro-
ductive variables (Table 1). The magnitudes of these dif-
ferences were relatively small, indicating that a common
suite of reproductive features characterizes this group of
cacti. The pistil in all species has a single long central
style with a multilobed stigma (10-14 lobes) surrounded
by a ring of numerous stamens (>>600 stamens/flower).
Estimated pollen production per flower always exceaded
one million grains. The estimated maximum (* 1 SE)
load of pollen grains that the stigma could potentially
hold was very high for all species (2.9 X 10¢ = 0.14 X
10°-6.8 ¥ 10* * 0.29 X 10* pollen grains/stigma). The
number of ovules produced per flower was relatively high
for all species, with mean values always > 1000. The
highest values occurred in P. moritzianus and P. lanu-
ginosus. The pollen:ovule ratio was relatively variable
among species, with extreme low and high values in 2.
lanuginosus (296) and 8. repandus (1054), respectively.
The average seed set per flower in all species but P. lani-
ginosus {data not available) was > 70% of the total num-
ber of ovules per flower.
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TaeLe 2. Floral availability in terms of spatial location on the plant, fleral bud production, and number of apen flowers per plant per night in five
species of columnar cacti. Data are means (=1 SE). Species: Stenacereus griseus (8G), Pilosocereus moritzianis (PM), Pilosocereus lanuginosus
(PL), Subpilocereus repandus (SR), and Subpilocereus horrispinus (SH). Test: one-way ANOVA (F), Kruskal-Wallis ANOVA (F). Roman

numbers indicate resulis of post hoc comparisons,

Avatlability N 5G PM PL SR SH Test
Flower height (m) 38-60 2.8 2.6 2.9t 330 2.0 H =326
0.14) (0.16) (0.18) (0.18) (0.18) P = 0.001
Nao. flower buds-plantweek ! 31-59 2.4 [1.40 9.7 10.8 .61 F=1.2
(L1 (2.59) (1.72) (1.57) (1.05) N§#
Nao. fiowers open-plant™'-night=* 42-162 L4} 2.3 4.4H 2.1 2.41 H =671
(©.0%) (0.28) (0.60) (0.14) (0.24) P < 0001

INS P = Q05

The five species were also similar in terms of spatial
and temporal floral availability (Table 2). Flower distri-
bution on the branches was apical or lateral, with average
heights ranging from 1.96 to 3.33 m depending on the
species. S. horrispinus was the only species with flowers
at ground level due to the decumbent nature of its branch-
es. S. griseus was the only species with flowers located
primarily at the apex of the main branches. Plants of all
species contained similar numbers of floral buds at the
time of census. The average values were based on ~ 2
mo of weekly monitoring for each of the species. All
species showed a relatively low number of flowers in
anthesis per plant per night, with. average numbers rang-
ing from 1.4 to 4.4. With respect to temporal availability,
anthesis was crepuscular and synchronous in all species.
Peak anthesis in all species occurred between 1830 and
1930. Stigma receptivity and anther dehiscence occurred
simultaneously with anthesis. Flowers remained open the
entire night and the next morning except for S. griseus,
in which flowers closed before sunrise. Although no sys-
tematic monitering of pollen availability over time was
conducted in this study, we observed that most of the
pollen loads had been removed from the anthers by Q300
in the morning. Flowers were in advanced state of with-
ering 24 h after anthesis.

Floval rewards—Nectar secretion started before anthe-
sis in all species. The rate of nectar secretion increased
abruptly after flowers opened and did not decrease until
almost midnight (Fig. 2A). Maximum average rates of
nectar secretion per flower occurred before midnight and
were 0.126 mL/h at 2100 for S. griseus, 0.180 mL/h at
2300 for P. movritzianus, 0.164 ml/h at 2300 for S. re-
panrdus, and 0.123 mL/h at 2200 for S. horrispinus. After
the peak, nectar secretion decreased gradually until 1-2
h before sunrise, when it reached zero. Patterns of nectar
secretion over the night were very similar in all four spe-
cies of cacti. Results of a correlation analysis between
species indicate that, for all pairs compared, temporal pat-
terns of nectar production were highly comrelated (v =
0.88, P = 0.001). Total nectar production per flower per
night exceeded 0.5 mL in each species (Table 3), with
average values ranging from 0.671 = 0.272 to 1.091 =
0452 mL - flower™' - night~!. Estimated values of total
nectar production per plant per night ranged from 1.0 mL
to 2.3 mL for the different species.

The average values of nectar sugar concentration var-
ied from 18.0 to 20.7% (sucrose equivalent units) for all
species (Table 3), and the general patterm of variation in

nectar sugar concentration over the night was similar for
all species (Fig. 2B). Results of a cormrelation analysis
between species indicate that temporal patterns of nectar
concentration were significant only between three pairs
of species, P. movitzianus—S. repandus {r = 0.72, P
0.019), 8. repandus—S. horrispinus (¢ = 0.86, P
0.0016), and S. repandus—-S.griseus (r = 0.71, P
0.013). In 8. griseus, S. repandus, and S. horrispinus,
nectar sugar concentration increased to a peak before de-
creasing; in confrast, sugar concentration did not increase
in P. moritzianus, because the highest values for this spe-
cies were recorded at the beginning of nectar secretion.
In general terms, both nectar secretion and nectar sugar
concentration patterns were similar in all species of cacti.
Both variables were highly correlated in S. griseus, S.
repandus, and S. horrispinus, but not in P. moritzianus
(Table 4}.

A A 1A

Floral visitors and visitation patterns—Bats were the
most important floral visitors in all cacti. Two species of
nectar-feeding bats associated with arid and semiarid en-
vironments were identified, the lesser long-nosed bat
(Leptonycteris curasoae Miller) and the long-tongued bat
(Glossophaga longirostris Miller), both in the subfamily
Glossophaginae of the Phyllostomidae. Hawkmoths
(Sphingidae) were rarely observed visiting cactus flow-
ers, and then only those of P. moritzianus and S. griseus
at Pueble de Mamo. Visits of these insects lasted less
than one second, with a frequency of visitation of 1 visit
- flower™" - night~t, At sunset (1900-1930), visits by Me-
galopta sp. (Hymenoptera: Halictidae) were observed at
flowers of P. moritzianus and S. horrispinus at both study
sites. Visitation by these bees was rarely observed and
lasted from 5 to 20 min/flower. Visitation by humming-
birds occurred before sunset {1800-1900) and after sun-
rise (first hours in the moming). Two species visited S.
griseus and P. moritzianus at Pueblo de Mamo, the Buffy
Hummingbird (Leucippus fallax) and the White-Vented
Plumeleteer (Chalibura buffonii), while only the former
visited cactus flowers at Peninsula de Paraguand. Floral
visits by hummingbirds lasted from 30 s/flower to 2 min/
flower. These birds seemed to visit flowers more fre-
quently than insects. They either landed on the perianth
or hovered in front of the flowers. In both cases, birds
introduced their beaks or only part of the head into the
flowers. Although frequency of visitation to cactus flow-
ers was not systematically studied for hummingbirds,
these birds were less frequent visitors of columnar cacti
than bats.
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0.20 & Subpilocersus horispinus
1 A. ¥ Subpilocereus repandus
018 & Fiosocereus marizianus

4 - Stenacereus griseus

Nectar secretion rate (mL/h)
3

Nectar sugar concentration (%)
I

Percentage of bat visits (%)

Time (h) -

Fig. 2. Temporal patterns of nectar secretion in mL/D (A), nectar
sugar concentration in percentage of sucrose equivalents (B), and bat
visitation to flowers in percentage of visits from total number of visits
per flower per night (C); in flowers of Stenocereus griseus (3G), Pilo-
socereus moritzianus (PM), Subpilacereus vepandus (SR), and Subpil-
acereus horrispinus (SH). Data are means (£ | SE). For nectar pro-
duoction N = 18 in SG, ¥ =34 in PM, N = 30 in SR, and N = 28 in
SH; for nectar sugar concentration, N = 17 in SG, ¥ = 23 in PM, ¥
= 27 in SR, and SH; for percentage of visitation ¥ = 19 in 8G, ¥ =
18 in PM, & = 13 in SR, and & = 24 in SH.
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In all species, visits by bats started after sunset (1900-
1930}, and increased in frequency until almost midnight.
The average number of floral visits ranged from 27 to 78
visits - flower™ - night™! (Table 3); floral visitation fre-
quency was highly variable within all species. Peak rates
of visitation occurred near midnight, after this peak, fre-
quency of visits decreased to zero at 0500-0600 (Fig.
2C). The pattern of frequency of flower visitation over
the night was very similar in the four species of cactus.
Results of the Kolmogorov-Smirnov two sample-test in-
dicate that, for all pairs of species compared, the esti-
mated extreme differences were = 0.40 (P = 0.18).

Bat visits were brief, most of them lasting <2 s (N =
24). Two kinds of visitation behaviors were identified,
hovering and grasping (hanging in front of the corolla
and supporting bat’s mass on its thumbs). Bats hovered
in 83-100% of the visits to the different species of cacti
and grasped flowers in a maximum of 17% of the visits
(N = 50 visits) in the case of P. moritzianus. Bats intro-
duced their heads into the floral tube, making contact
with both stigma and anthers, and licking nectar from the
nectar chamber. Visits were made by a single bat or by
a group belonging to the same, or in some cases, different
species. The number of bats in a group averaged 2 = |
(N = 18) at P. movritzianus, 3 = 1 (N = 19) at §. griseus,
3 £ 1 (N =13)at S repandus, and 6 = 3 (N = 24} at
S. horrispinus. Even though several bats could be using
the same flowers, no aggressive interactions between in-
dividuals were detected. The apparent temporal patiern
of bat visitation to a flowering plant seemed to be cycli-
cal. Although no formal data were taken to corroborate
this observation, we noticed time periods with several
visits alternated with time periods without visits.

In general, temporal patterns of nectar production and
nectar sugar concentration and the relative frequency of
flower vigitation by bats were similar in all species of
columnar cacti. Periods of high frequency of floral visi-
tation corresponded to periods of high nectar production
and sugar concentration. Similarly, decreasing frequen-
cies of floral visits corresponded to decreasing values of
sugar concentration and nectar production. Correlation
analyses revealed that increases and decreases in the rel-
ative frequency of floral visitation by bats were signifi-
cantly correlated with increases and decreases in rates of
nectar production, but were comparatively less correlated
with variation in nectar sugar concentration (Table 4).
These results suggest that nectar volume has a greater
effect on bat visitation frequencies than nectar quality.

Breeding systems and effective pollinators—-Based on
the Index of Self-Incompatibility (ISI) (Bullock, 1985),
S. griseus, S. repandus, and S. horrispinus are self-in-
compatible {ISI = 0) (Table 5). In P. moritzianus only
some fruits were produced from self-pollinated flowers
(fruit:flower = 0.22; ISI = 0.35). According to the ISI
value, this species should be considered partially self-
compatible, however, fruits produced from selfing did not
reach maturity. None of the species produced fruit in the
self-pollination treatment without manipulation (bagged
flowers). Fruit:flower ratios under natural pollination
ranged from 46 to 76%, and seed:ovule ratios ranged be-
tween 70 and 949 (Table 1). Highest values of seed:
ovule ratios were associated with highest values of pol-



924

TABLE 3.

AMERICAN JOURNAL OF BOTANY

[Vol. 84

Total nectar secretion per flower per might, average nectar sugar concentration {sucrose equivalent units) over the night, and number of

bat visits per flower per night, Data are means (X1 SE). Species: Stenocereus griseus (8G), Pilocereus moritzianus (PM), Pilosocereus
lanuginosis (PL), Subpilocereus repandus (SR), and Subpilocereus horrispinus (SH). Test: one-way ANOVA (F), Kruskal-Wallis ANOVA (H).

Roman numbers indicate results of post hoe comparisons.

WVariahle N 5G PM. Sk SH Test
Nectar secretion - flower~! - night~!' (mL) 18-34 0.7g20 1.091" 0.9581 0671t F =690
{0.053) {0.078) (0.068) (0.051) £ < 0.001
Nectar sugar concentration (%) 17-27 2070 0.1t 2041 18.4Q¢ F=174
{0.3) 0.3 (0.3) 0.3 P < Q.0001
Number of bat visits-flower™L-night ! 13-24 a7t 411 o TR H=1235
{4.1) (7.1) (3.3 (10.8) P < 0.0001.

len:ovule ratios, and lowest values of seed:ovule ratio
were associated with lowest pollen:aovule values (Table
1). On the contrary, fruit:flower ratios under natural pol-
lination did not show a consistent association with values
of the pollen:ovule ratio (Tables 1, 5). Values of the fruit:
flower ratio for the cross-pollination test exceeded .50
for all species (Table 5) and were not statistically differ-
ent from values of the natural pollination treatment: P.
moritzianus (X2 = 0.53; df = 1; P = 0.46), §. repandus
(X? = 037, df = 1; P = 0.54), § horrispinus (X* =
0.004; df = 1, P = 0.95), and S. griseus (0.53) (X* =
2.07;, df = 1; P = 0.15). These results indicate that fruit
set in these species is not pollen limited. Even in P. mo-
ritzianus, which is partially self-compatible, the fruit:
flower ratio via cross-pollination was almaost twice as
high as the fruit:flower ratio via self-pollination. In ad-
dition to this, the high values of seeds produced per flow-
er under natural pollination seem to indicate high effec-
tiveness in the deposition of pollen grains on the floral
stigmas.

Results of the bat exclusion test {Table 5} showed that
the proportion of flowers producing fruit decreaged dras-
tically (close to 0} in all species when bats were excluded.
Differences in fruit:flower ratios under natural pollination
and the bat exclusion treatments support the hypothesis
that bats are acting as the main pollinator agents of these
columnar cacti. Other agents, such as hummingbirds,
moths, and bees appear to have a trivial effect as polli-
nators in this group of plants.

DISCUSSION

Qur results support the hypothesis that the reproductive
strategy of five species of Venezuelan columnar cacti in-
volves a bat-specialized plant—pollinator system, in which
flower visitation by nectar-feeding bats is essential for the
sexual reproductive success of these cacti. Floral traits,

spatial and temporal availability of flowers, and patterns
of nectar and pollen presentation in these cacti closely
correspond to the well-known pollination syndrome of
chiropterophily (Baker, 1961, 1970, 1973; van der Pijl,
1961, Faegri and van der Pijl, 1979). The basic floral
traits shared by the Venezuelan bat cacti are: robust floral
structures, funnel-form floral tubes, ripe vegetable-like
odor, external colors that are not attractive to diurnal vis-
itors, numerous stamens, large amounts of pollen and
nectar, and nocturnal anthesis. Several of these traits have
been already described for other species of chiroptero-
philous cacti studied in detail (Alcomn et al., 1959; Al-
corn, McGregor, and Olin, 1962; McGregor, Alcorn, and
Olin, 1962; Murawsky et al., 1993; Petit, 1995a; Sahley,
1995; Valiente-Banuet et al., 1996; Fleming, Tuttle, and
Horner, in press). Many more species of columnar cacti
not yet studied (Bravo-Hollis, 1978) also seem to match
the description mentioned above, suggesting that chirop-
terophily is a widespread pollination syndrome in the Pachy-
cereae and Cereeae tribes of the Cactaceae.

The Venezuelan columnar cacti studied restrict theijr
rewards (nectar and pollen) almost exclusively to noctur-
nal visitors. These species share the same general strategy
of nectar and pollen presentation to their floral visitors.
Both floral resources were almaost exclusively directed to
bats. In all cases the highest levels of nectar production
occurred during the first few hours after anthesis, when
nectar-feeding bats have the highest energy demand after
a diurnal period without feeding. This condition diffexs
from the nectar production patterns found in other species
of columnar cacti at the northern and southern limits of
their distribution in the New World. In northwestern
Mexico, Pachycereus pringlei, Stenocereus thurberi, and
Carnegia gigantea have nectar secretion patterns that,
even though starting at night, continue during the next
morning following anthesis (Fleming, Tuttle, and Homer,

TaBLE 4. Correlation coefficients {¢) from correlation analysis of frequency of bat visits (%), nectar secretion rates (mL/h), and nectar sugar
concentration (% sucrose eguivalents) in four species of eolumnar cactl. Flowers measured correspanded to different plants in each species.
Species: Stenacereus griseus (5G), Pilasocereus maritzianus (PM), _Ez'lamcereus lanuginosus (PL)Y, Subpilocereus repandus (SR), and Subpii-

geereus horrispinus (SH).

" Mectar praduction vs.
necrar concentratian

Frequency of visits vs.

Frequency of visits vs.

rectar production TeCtar COncEnration

Species r N F r N P r H P
5G 0.96 10 =0.001 0.82 11 <0.01 0.62 8 N&=
PM 0.45 10 N&? 094 11 =0.001 0.67 8 NS
SR 071 10 Q.015 Q98 11 <0.001 0.87 8 <20.01
SH 0.86 14 <0.001 0.95 11 =<0.001 0.85 8 =0.01

NS P > 0.08
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TapLE 5. Fruit: flower ratio from each pollination treatment and bat
exclusion experiment. ISI = propertion of fruit set via self-polli-
nation/proportion of fruit set via cross-pollination.

Na. of  Fruit: flawer
Species Teaatment flawers ratig 181
8. priseus Agamospermy 23 0.00 0.00
Natural pollination 49 Q.76
Self-pollination 24 (.00
Hand cross-pallination 17 .53
Total exclusion 35 0.00
Bat exclusicn 34 .00
P moritzianus  Agamospermy 22 0.00 Q.35
Natural pollination 57 0.46
Self-pollinaticn 18 0.22
Hand cross-pollination 13 0.62
Tatal exclusion 30 0.00
Bat exclusion 38 0.03
S. repandus Agamospermy 25 .00 000
Natural pollination 51 0.4%
Self-pollination 25 0.00
Hand eross-pollination 18 0.61
Total exclusion 42 0.00
Bat exclusion 35 Q.06
S. harrispinus Agamaospermy 29 0.00 0.00
Natural pollination 58 0.50
Self-pollination 25 0.00
Hand eross-pollination 17 Q.53
Total exclusion 28 Q.00
Bat exclusion 31 Q.00

in press). In Pert, flowers of Weberbauerocereus weber-
baueri start nectar secretion in the afternoon (Sahley,
1995). Only species of columnar cacti distributed within
tropical limits seem to restrict floral rewards to nocturnal
visitors. This is the case in Neobuxbaumia tetetzo in the
Tehuacdn Valley, México (Valiente-Banuet et al.,, 1996)
and Stenocereus griseus and Subpilocereus repandus on
Curacao (Petit, 1995b). Nectar volumes produced by
flowers of the Venezuelan species were relatively high
compared to other chiropterophilous plants (Voss et al.,
1979; Lemke, 1984; Hokche and Ramirez, 1990}). These
volumes were exceeded only by species with dense in-
florescences such as Parkia (Baker and Harris, 1957,
Hopkins, 1984; Grunmeier, 1990} and by columnar cacti
from northwestern Mexico, which produced an average
of 1.1-2.0 mL per flower per night (Fleming, Tuttle, and
Horner, in press). Nectar sugar concentration levels of the
Venezuelan species fit the range commonly reported for
other chiropterophilous species (Heinrich, 1975; Baker,
1978; Howell, 1979; Helversen and Reyer, 1984). Com-
pared to the sugar concentration levels reported for the
Mexican cacti (24-28%) (Valiente-Banuet et al., 1996;
Fleming, Tuttle, and Hormner, in press), the Venezuelan
species had a relatively more dilute nectar. One possible
explanation for this diffetence has to do with the polli-
nator agents of the different species and their nectar re-
quirements. While Venezuelan cacti flowers produce nec-
tar only at night, nectar in several Mexican species is also
available to diurnal pollinators, including birds and bees
(Fleming, Tuttle, and Horner, in press). In these species
nectar sugar concentration might be a trade-off between
demands of nocturnal and diurnal consumers. Bees have
been frequently associated with flowers characterized by
highly concentrated nectar (Gottsberger, Schrauwen, and

Linskens, 1984), while bats and hummingbirds have al-
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ways been associated with relatively dilute nectar (Hein-
rich, 1975; Sazima and Sazima, 1977, 1978; Baker,
1978). In summary, even though nectar-feeding bats are
the nocturnal pollinators of several species of columnar
cacti, differences in timing of nectar secretion, volumes
produced, and sugar concentration, suggest that these
species differ in their degree of specialization for bat vis-
itation. In this sense, Venezuelan columnar cacti can be
considered amang the more bat-specialized species.

Bats are the most common floral visitors of the Vene-
zuelan columnar cacti studied. The temporal concordance
between peaks of floral visitation, nectar production, and
sugar concentration for all species suggests that reward
presentation is the main factor influencing the pattern of
visitation displayed by bats at these plants. This influence
should be affected by the amount of reward offered per
unit of time (rate of nectar production) and the guality of
the reward (solute concentration). Results of the correla-
tion analysis indicated a stronger association between bat
visits and rates of nectar production than between bat visits
and nectar sugar concentration. The average amount of
nectar that can be obtained from a single flower per night
(0.6-1.1 mL) is very low compared to the theoretical
amount needed to meet the daily energy budget of Lep-
fonycteris curasoae yerbabuenae in northerm México (7.7—
9.8 mL, ~40.2 kI' (M. A. Horner, Texas Parks and Wild-
life Department, personal communication). An average of
two flowers were open per plant per night in the species
studied, producing a maximum volume of = 5 mL of nec-
tar - plant~* - night~'. The high demand for energy in nec-
tar-feeding bats should promote visitation to many bloom-
ing individuals per night and probably a pattern of revis-
itation to previously used flowers.

During their visits to cactus flowers, bats function as
effective pollinators. The main body parts involved in the
pollination process are the head, neck, and shoulders,
where most of the pollen is deposited. Production of large
amounts of pollen by flowers of columnar cacti results in
large amounts of pollen being deposited on the bats,
therefore increasing the probability of deposition of nu-
merous pollen grains on the floral stigmas. On the other
hand, the relatively large stigmatic capacity of cactus
flowers (up to five orders of magnitude of pollen grains
can be held potentially on one stigma) guarantees the
reception of enough pollen grains to fertilize maost ovules.
The deposition of large amounts of pollen on the stig-
matic surface may promote male gametophytic competi-
tion (Stephenson and Bertin, 1983; Snow, 1986) between
pollen grains from the same individual or different indi-
viduals and may possibly select for male gametophytes
with higher rates of pollen tube growth (Cruden, 1977,
Mulecahy, 1979; Feinsinger, 1987; Schlichting et al.,
1987; Stephenson et al,, 1988). If the amount of pollen
deposited by bats on floral stigmas were high enough to
promote sexual selection, then the service of this pollen
vector could be interpreted as promoting fitter offspring.

Nectar that is continucusly produced all night long en-
courages energy-demanding bats to visit many flowers dur-
ing a long period of time, and to move between different
flowers in order to satisfy their energy needs. This pattern
of pollen movement, in addition to the high flight capacity
of nectar-feeding bats (Sahley, Horner, and Fleming, 1993,
M. A. Horner, Texas Parks and Wildlife Department, per-
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sonal commuuication), guarantees that pollen will be trans-
ferred between genetically different plants. Under these cir-
cumstances, nectar-feeding bats are acting as appropriate
pollinators of self-incompatible plants.

Obligate cross-fertilization was demonstrated for three
of the species of cacti studied; only P. moritzianus was
partially self-compatible. An emphasis on outcrossing is
also suggested by observed values of the pollen:ovule
ratio (296-1054). According to Cruden (1977) and Cru-
den and Miller-Ward (1981}, these species should be con-
sidered between the “xenogamous facultative’ and ‘‘xe-
nogamous obligate™ categories. The lowest values of pol-
len:ovule ratio were found in P. moritzianus, as expected
because of its partial self-compatibility. Self-compatibility
has been previously documented for two species of chi-
ropterophilous columnar cactus, hermaphrodite individ-
uals of Pachycereus pringlei with a selfing rate as high
as 65% (Murawski et al., 1993), and Weberbauerocereus
weberbaueri, with a selfing rate of 26% (mature fruit set)
(Sahley, 1995); however, for P. moritzianus the herko-
gamous condition could be considered a physical mech-
anism promating xenogamy. Another interesting obser-
vation from our results is that the seed:ovule ratios show
certain correspondence with the pollen:ovule ratios. The
highest values of seed:ovule ratio occurred in species
with the highest pollen:ovule ratios. This result suggests
that in multiovule species, independently of the mating
system, high pollen:ovule ratios seem to increase the pro-
portion of ovules successfully fertilized through an in-
crease in the pollen loads produced; however, that rela-
tionship did not hold for the fruit:flower ratio.

According to the results of the bat exclusion experi-
ments, fruit and seed production via natural pollination
can be attributed almost exclusively to visitation by nec-
tar-feeding bats in these species. Besides the exclusion
experiments, field observations indicated that diurnal vis-
itors are ineffective pollinators for one of three reasons:
vector size and visitation behavior precludes pollination,
visits rarely happened, or because time of visitation oc-
curred before or after floral resource presentation. These
results were consistent with low fruit set under bat ex-
clusion found by Petit (1995a) in Sterocereus griseus
(0%) and Subpilocerens repandus (10%) in Curacgao, and
by Valiente-Banuet et al. (1996) in Neobuxbaumia tetetzo
(0%) in Mexico. This obligate dependence on bats for
sexual reproduction supports the thesis of an obligate mu-
tualistic interaction between nectar-feeding bats and Ven-
ezuelan columnar cacti. One piece of evidence supporting
this idea is the extensive geographic overlap between the
Venezuelan columnar cacti and the distribution of Lep-
tonycteris curasoae and Glossophaga longirostris (Lin-
ares, 1986; Ponce, 1989). Geographic overlap between
the components of a mutualistic interaction is evidence
of a specialized interaction (Thompson, 1995). This char-
acter of obligate bat dependence contrasts with observa-
tions of Fleming, Tuttle, and Homer (in press) and Sahley
(1993). Fleming, Tuttle, and Horner reported effective
pollination by diurnal visitors in three Mexican colummnar
cacti, Pachycereus pringlei, Stenocereus thurberi, and
Carnegia gigantea with proportions of fruit set for di-
wmal pollination ranging from 18 to 68% in Carnegia
gigantea. Sahley also reported effective diurnal pollina-
tion in the Peruvian cactus Weberbauerocereus weber-
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baueri, with percentages of mature fruit set for day pol-
lination being >35%. Thus, strong dependency on bats
as pollinators is not universal in columnar cacti.

A critical question concerning the bat—cactus interac-
tion is how effective are nectar-feeding bats as pollinators
of the Venezuelan columnar cacti? Several lines of evi-
dence suggest that bats are effective pollinators. First, in
terms of food diversity, there are few alternative re-
sources besides columnar cacti that nectar-feeding bats
could use in arid environments (Soriano, Sosa, and Ros-
sel, 1991). This limited diversity of resources could force
nectarivorous bats to rely heavily on few species of plants
that offer predictable rewards in extreme environments.
Second, the seed:ovule ratios under natural pollination
were relatively high for all the species studied (0.70-
0.98) compared to values found in species (no cacti) with
other pollination modes (Ramirez, 1995). This result in-
dicates that bats are depositing enough pollen on floral
stigmas to fertilize most of the ovules. According to Orn-
duff (1970), stigmatic deposition of enough pollen grains
to produce a complete set of seeds can be interpreted as
a measure of effectiveness of the pollination system. Fi-
nally, percentages of fruit set commonly reported for self-
incompatible chiropterophilous species are considerably
lower (21-35%, Sutherland, 1986; N. Ramirez, Centro
de Botdnica Tropical-UCV} than values found in this
study and in other studies of chiropterophilous columnar
cacti (Petit, 1995a; Sahley, 1995). We suggest, however,
that high bat pollination effectiveness should not be con-
sidered the only cause of the relatively high values of
fruit set found in columnar cacti. Ramirez and Berry
(1995) relate high levels of fruit and seed set with the
condition of solitary flowers, which is the case in all spe-
cies of columnar cacti. The allocation of plant resources
should be relatively greater in solitary flowers compared
to floral units in multiple-flowered inflorescences.

Based on levels of pollination effectiveness in the Vene-
znelan colwmnar cacti, we have demonstrated in this study
that bats are the only reliable resource that these plants have
for their sexual reproduction. Both Fleming, Tuttle, and
Horner (in press) and Sahley (1995) have demonstrated de-
creased nocturnal fruit set in columnar cacti species dué to
limited populations of bat species in Mexico and Peru, re-
spectively. During periods of bat scarcity, those cacti rely
on effective alternate pollinators to promote outcrossing and
to maintain genetic variation in their populations, but what
would be the consequences if populations of nectar-feeding
bats decreased in Venezuela? Which pollinators would
maintain sexual reproduction and genetic variability in Ven-
ezuelan cacti? Overall, our results indicate that the mutu-
alistic interaction between nectar-feeding bats and columnar
cacti in Venezuela seems to be very specialized and con-
sequences of a serious disturbance on either component
could be definitive.
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