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A B S T R A C T

The pollination systems of columnar cacti in the dry tropics are often thought to be highly specialized to bats.
This specialization is generally inferred when flowers that are only exposed to the activity of nocturnal visitors
set fruit and seed. Although moths are also common visitors to the flowers of columnar cacti at night, it is
generally thought that their contribution to the reproductive success of this cactus is negligible. Using selective
exclusions, we assessed the contribution of bats and moths to the reproductive success in a population of
Pilosocereus leucocephalus in central Mexico. Fruit set was 100% for bat-pollinated flowers and 34% in moth-
pollinated flowers. Seed number per fruit was 1473 in bat-pollinated and 836 in moth pollinated flowers. Our
results clearly show that in addition to bats, moths are effective pollinators of Pilosocereus leucocephalus in the
study area. Therefore, bats are the main pollinators of P. leucocephalus, and moths are the secondary pollinators.

Columnar cacti are the dominant elements in the plant communities
of arid and semiarid ecosystems in the New World, where they provide
valuable feeding resources and shelter to several animal species (Wolf
and Rio, 2003). Some of these animals may establish a mutualistic re-
lationship with the columnar cacti to the extent that the local extirpa-
tion of the interacting animal(s) may compromise the permanence of
columnar cacti in the ecosystem (Fleming and Holland, 1998). Co-
lumnar cacti are animal-pollinated and because self-incompatibility is
widespread among these plant species, columnar cacti strongly depend
on their pollinators for sexual reproduction (e.g. Ibarra-Cerdeña et al.,
2005; Valiente-Banuet et al., 1997).

Most of the columnar cacti in tribes Pachycereeae and Cereeae have
chiropterophilic flowers (i.e. flowers with nocturnal anthesis, pale
coloration, a musty smell and are bell-shaped); however, the degree of
specialization in the pollination system varies widely and a variety of
animals such as birds, bees and moths may visit and pollinate their
flowers (Valiente-Banuet, 2002). A geographic pattern in the degree of
specialization in plant–pollinator relationships has been described:
tropical chiropterophilic columnar cacti are highly specialized to bat
pollination while extratropical cacti are pollinated by bees and birds in
addition to bats (Munguía-Rosas et al., 2010; Valiente-Banuet et al.,
1996). Most studies supporting this geographic pattern were exclusion
experiments (diurnal vs. nocturnal visitors) in which bat-specialization
was simply inferred when flowers only exposed to nocturnal visitors set

fruit (e.g. Ibarra-Cerdeña et al., 2005; Valiente-Banuet et al., 1997;
Valiente-Banuet et al., 2004). However, more detailed observations
with the aid of video cameras equipped with infrared light have re-
vealed that nocturnal moths are also frequent visitors to the flowers of
columnar cacti in the tropics (Ibarra-Cerdeña et al., 2005; Munguía-
Rosas et al., 2010). These studies assumed that nocturnal moths were
not effective pollinators based on their foraging behavior on the
flowers; i.e. apparently, the moths did not touch reproductive organs.
Even though moths are globally relevant pollinators, assessing their
effectiveness is challenging because direct observation of their behavior
is difficult at night and may be biased when assisted by artificial light
(Macgregor et al., 2019). A highly accurate method for assessing pol-
linator effectiveness is selective experimental exclusion of visitors in the
field; however, to our knowledge, until now, no study has evaluated
experimentally whether the moths are effective visitors of columnar
cacti (i.e. contribute to the fruit and seed set).

The goal of this paper was to assess the relative contribution of bats
and moths to fruit set and seed production in a population of the co-
lumnar cactus Pilosocereus leucocephalus (Cactaceae, tribe Cereeae) in
central Mexico using a field experiment. P. leucocephalus is a tropical
cactus endemic to Mesoamerica with typically chiropterophilic flowers
(bell-shaped, whitish to pinkish, that release an unpleasant odor). The
flowers are hermaphroditic but unable to set fruit without pollinators
(Munguía-Rosas et al., 2010). Birds and bees visit the flowers of this
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cactus but their contribution to fruit set is minor (11.9%) relative to
that of nocturnal pollinators (88.1%). Bats (87%) and moths (13%) visit
the flowers of P. leucocephalus at night and have been observed to touch
its reproductive organs (Munguía-Rosas et al., 2010). However, cur-
rently we do not know whether moths contribute to the reproductive
success of P. leucocephalus. Because moths visit the flowers of P. leu-
cocephalus and have been observed to touch the reproductive organs
flowers, we predicted that moths could be contributing to the fruit and
seed set of this species in the study area.

The population of P. leucocephalus we study is located at the lowest
part (950m a.s.l.) of the municipality of Xalapa in central Veracruz,
Mexico (19° 35° 20” N, 96° 50’ 38” W). Vegetation is tropical dry forest,
dominant plant species are Lysiloma microphylla (Fabaceae), L. aca-
pulcensis (Fabaceae), P. leucocephalus (Cactaceae) and Dodonaea viscosa
(Sapindaceae) (Ortega, 1981). The weather is the driest of the sub-wet
group with a mean annual temperature of 24 °C and 519mm rainfall
(Ortega, 1981).

During the spring and summer of 2014, we visited the study area
and tagged 100 accessible and reproductive cacti (≥2m tall), from
which we randomly selected a subsample of 25 individuals. Before
anthesis, four accessible buds per cactus that were about to open were
bagged and allocated to one of the following treatments: (i) bat polli-
nation or (ii) moth pollination. To have a balanced block design, two
buds on each plant were allocated randomly to one of the two treat-
ments. The final sample size was 100 flowers, 50 per treatment. The bat
pollination treatment consisted of spraying naphthalene around the
flower to prevent moths from visiting. The moth pollination treatment
consisted of placing a cage made of a metallic mesh (0.5×0.5 cm
square openings) around the flowers. The cages had a circular window
of about 3.5 cm in diameter in the front which prevented bat visitation
but allowed moths to visit. Naphthalene has been traditionally used to
repel moths in domestic settings and is relatively specific. Naphthalene
is not thought to affect flower development but, as a precaution, we did
not apply naphthalene directly to the flowers, but rather, only on the
trunk and pseudocephalia. The wingspan of the bat species that visit P.
leucocephalus in the study area (Choeroniscus godmani, Glossophaga sor-
icina, Leptonycteris nivalis) is 18 to more than 45 cm, while the average
wingspan of common moth species in the area is only about 5–7 cm.
Before sunrise (≈5 a.m.), experimental flowers were protected with
cages made of the same metallic mesh, but totally closed to prevent any
diurnal animals from visiting the flowers and to prevent seed removal
until the fruit had ripened or aborted. Aborted and ripe fruits were
harvested, dissected to assess ovule maturation and to count apparently
viable seeds (black, hard and fully developed seeds).

To ensure that our treatments effectively filtered the target visitors,
we filmed a subsample of 10 flowers on five different plants (two
flowers per plant, one for each treatment) with a video camera under an
infrared light (CuddeBack, Model 1231) that was set up about 2m away
from the flowers for 4 h (1900–2300 h). We filmed two flowers on a
single plant per night on five consecutive nights. The number of visits
by target and non-target visitors seen in the video were counted.
Simultaneously, nearby we placed 1 mist net (6× 2m) from 1900 to
0500 h to catch bats and used entomological nets to catch moths in the
proximity of the filmed plants.

Differences between bat and moth pollination treatments in terms of
fruit set (binary response variable) and the number of seeds per fruit
were assessed using generalized linear mixed models (GLMM) with a
binomial (fruit set) or Poisson error distribution (seed number per
fruit). In both models, the plant was included as a random factor. Visit
frequency was compared between pollination treatments with a chi
square test. Statistical analyses were run in R 3.5.1 (R Core Team,
2018).

According to the video recordings, experimental devices success-
fully allowed the visits of target visitors to experimental flowers, visits
of non-target visitors were zero. The visit rate of moths (71 visits) was
greater than that of bats (43 visits) (Table 1). However, bats touched

the reproductive organs far more frequently (95%) than moths did
(28%) (χ2=12.69, P < 0.01) (Table 1). Bats touched the style and
anthers with their anterior body (head, neck, shoulders, and the upper
part of the chest and back) and moths touched these structures with
their legs, proboscides and, more rarely, their wings. Sometimes it was
unclear whether or not the fine appendages of moths touched the re-
productive organs of flowers in the videos, and so the percentage of
effective visits may have been underestimated. During the experiment,
three species of phyllostomid bats (subfamily Glossophaginae) visited
the flowers in the bat pollination treatments: Choeroniscus godmani,
Glossophaga soricina and Leptonycteris nivalis, species that were also
caught in the mist net. These bat species were also found in a previous
study with the pollen of P. leucocephalus on their fur in this and other
populations in Mexico (Munguía-Rosas et al., 2010). Flowers in the
moth pollination treatment were visited by Agrius cingulata, Isognathus
rimosa inclitus and Pseudosphinx tetrio, all of which belong to the
Sphingidae family.

From our sample of 100 flowers, 73% set fruit and the remaining
27% aborted. Of these, 30% (8) aborted at the flower stage, and 70%
(19) exhibited a variable engrossment of the ovary. All of the flowers
(100%) in the bat pollination treatment set fruit, and while significantly
lower (χ1= 5.56, P=0.02), a relevant proportion of flowers in the
moth pollination treatment also set fruit (34%) (Fig. 1). Interestingly,
some of the fruit that aborted early in the moth pollination treatment
were infested with fly or Lepidoptera larvae, insects that probably were
repelled by the naphthalene around the flowers assigned to the bat
pollination treatment. Therefore, the contribution of moths to fruit set
may be even greater if larval infestation is controlled. Fruit developed
from flowers in the bat pollination treatment had 55%
(1473.54 ± 135.82, n= 50 fruits) more seeds than fruit from flowers
in the moth pollination treatment (836.18 ± 87.11, n= 17 fruits)
(Fig. 1). The standard deviation of the random factor was particularly
high for seed number (904.55), suggesting that, for some plants, seed
production per fruit attributable to moths was similar to or even
greater, than in fruits developed from exclusively bat-pollinated
flowers. The standard deviation of the random term for fruit set was
0.47.

Our results confirm that bats are the main pollinators of P. leuco-
cephalus in the study area. This is probably due to their capacity to carry
large quantities of pollen on their fur, and their high degree of mobility
(Fleming et al., 2001). Although the role of moths as effective polli-
nators of chiropterophilic columnar cacti in the tropics has long been
considered negligible (e.g. Munguía-Rosas et al., 2010; Valiente-Banuet
et al., 2004), our experiment clearly shows that they can make an im-
portant contribution to the reproductive success of the study species
(34% of fruit set, 836 seeds per fruit), at least in this study area. Even
though we studied a single population over a single flowering season,
previous studies conducted in this and other populations of P. leucoce-
phalus in Mexico have reported that moths visit the flowers over two
consecutive years (2006 and 2007; Munguía-Rosas et al., 2010). In

Table 1
Visiting frequency (total number of visits and number of effective visits [i.e., the
visitor touched the reproductive organs]) of target nocturnal visitors to flowers
of Pilosocereus leucocephalus in two exclusion treatments: bat pollination
(naphthalene-sprayed flowers) and moth pollination (flowers in a 0.5× 0.5
metallic mesh cage) assessed using a video camera with infrared light. The % of
effective visits (Effectiveness) is shown in the last row. Visits by non-target
visitors (i.e., moths visiting flowers in the bat-pollination treatment and vice
versa) was zero for the two treatments.

Treatment

Visits Bat pollination Moth pollination
Total 43 71
Effective 41 20
Effectiveness (%) 95 28
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addition, the moth species that visit flowers of P. leucocephalus in the
study area have an extensive overlap with this species of cactus
(Ballesteros-Mejia et al., 2011; Ignativ et al., 2011; Seifert, 1974);
therefore, moth pollination in other populations of P. leucocephalus is
likely, but needs to be confirmed.

Previous studies have suggested that the pollination systems of
chiropterophilic columnar cacti in the tropics may be highly vulnerable
owing to their high degree of specialization on bats (Valiente-Banuet,
2002). However, it has also been suggested that other visitors may play
an important role as secondary pollinators in chiropterophilic columnar
cacti in the tropics when nectar-feeding bats are scarce or unpredictable
(Rivera-Merchand and Aeckerman, 2006). In light of our findings, the
high degree of specialization on bats in other chiropterophilic columnar
cacti should be reviewed because nocturnal vs. diurnal exclusions
cannot separate the contribution of bats from that of moths to the re-
productive success of cacti. When fruit and seeds are only produced as a
result of the activity of nocturnal visitors, this does not necessarily
imply that these cacti are exclusively pollinated by bats.

Currently, it is recognized that specialized pollination systems are
relatively rare in nature (Waser et al., 1996), and this is because plant
species with highly specialized pollination systems are prone to ex-
tinction, and therefore, selected against. Also, other studies have shown
that pollination syndromes are not reliable predictors of the main pol-
linators (Ollerton et al., 2009). Because the chiropterophilic pollination
syndrome is widespread among species in the columnar cactus tribes
Pachycereeae and Cereeae, we cannot rule out the possibility that
chiropterophily is a phylogenetically conserved character and not the
result of pollinator-mediated selection and adaptation in these co-
lumnar cacti. Also, this syndrome does not preclude the participation of
other nocturnal visitors that may play a role as secondary pollinators.

In conclusion, moths are effective pollinators of P. leucocephalus in

the study area. While bats are the main pollinators, given that 34% of
the flowers visited exclusively by moths set fruit and these fruits have
on average 836 seeds per fruit, this suggests that moths play a role as
secondary pollinators.
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