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columnar cacti (Cactaceae) in Mexico, which have been used by humans for food
and materials for thousands of years. However, the importance of bats as pollina-
tors has been overlooked, with a consequent lack of knowledge of the reliance of

crops on bats for harvest yield and quality.

. We used exclusion experiments to determine the effect of different pollinator

taxa on the yield and quality of pitayas (fruit of Stenocereus queretaroensis (F.A.C.
Weber) Buxbaum), a major crop in central Mexico. We studied the three most eco-
nomically important cultivars and wild individuals in the principal region for pitaya
production. For each pollinator taxon we recorded fruit set and measured three
key parameters of fruit quality: weight, sucrose concentration and seed set. We
placed camera traps to determine pollinator identity and the effect of visitation

rate on fruit quality.

. We found the primary pollinators of pitayas to be nectarivorous bats in the genus

Leptonycteris. When bats were excluded from flowers and flowers were pollinated
by other taxa (i.e. diurnal birds and insects), pitaya yield decreased by 35%, though
pollination dependence varied between cultivars. Fruit quality decreased signifi-
cantly in the absence of bat pollination across all cultivars, with fruits 46% lighter
and 13% less sweet when pollinated by other taxa; reducing economic value, as
size determines market price. Additionally, seed set (an indicator of effective pol-
lination) was significantly lower in the absence of bat pollinators. Visitation rate

had no effect on fruit quality.

. Synthesis and applications. Our study shows that bats provide a vital ecosystem

service by pollinating a crop of major socio-economic importance, and that con-
sideration of both crop quality and yield are essential to fully understanding the
benefits of bat pollination. A reduction of this service would result in a decrease
in both the size and quality of the harvest, causing substantial loss of income for

rural communities. Bats world-wide face many threats, and management efforts
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1 | INTRODUCTION

The majority of the world's 350,000 species of flowering plants rely
on animal pollinators for reproduction (Ollerton, Winfree, & Tarrant,
2011). Animal-pollinated plants play fundamental roles in ecosys-
tems, underpinning biodiversity and the provision of ecosystem ser-
vices, such as the supply of building materials, biofuels, medicines
and food (Potts et al., 2016). Three quarters of leading global crops
show increases in yield or quality when pollinated by animals (Klein
et al., 2007). Furthermore, the crops richest in micronutrients are
often the most dependent on animals for pollination (Eilers, Kremen,
Greenleaf, Garber, & Klein, 2011).

Vertebrates such as bats, bird, rodents and reptiles play an im-
portant, though often overlooked, role (Ratto et al., 2018). Bats
may be the main pollinators for up to 1,000 species of plants across
the tropics, including many of socio-economic importance such as
durian and mango (Kunz, Torrez, Bauer, Lobova, & Fleming, 2011;
Lobova, Geiselman, Mori, & Garden, 2009). Chiropterophilous plants
are specialized in a greater degree compared to other zoophilous
plants, with lower reproductive success when bats are excluded
from the flower for bat-pollinated plants relative to when birds or ro-
dents are excluded from plants pollinated by those taxa (Ratto et al.,
2018). Through depositing large amounts of pollen from a variety of
genotypes, frequently over long distances, bats enhance reproduc-
tive output as insufficient or closely related pollen deposition can
limit seed production (Aizen & Harder, 2007; Fleming, Geiselman, &
Kress, 2009; Muchhala & Thomson, 2010).

Bat populations are severely threatened in many parts of the
world, however, with 80% of bat species requiring research or con-
servation attention (Frick, Kingston, & Flanders, 2019), and there is an
urgent need for research demonstrating the ecosystem services pro-
vided by bats. The role of bats as pollinators of tropical crops has been
established for species such as durian, bitter beans, jackfruit and fleshy
fruits of columnar cacti (e.g. Aziz et al., 2017; Bumrungsri et al., 2008;
Bumrungsri, Sripaoraya, Chongsiri, Sridith, & Racey, 2009; Ibarra-
Cerdefa, lhiguez-Davalos, & Sanchez-Cordero, 2005; Lim, Ramli,
Bhassu, & Wilson, 2018); however, despite literature demonstrating
the importance of insect pollinators for crop quality and subsequent
market value (e.g. Garratt et al., 2014; Klatt et al., 2014), no studies
thus far have examined the effect of bat pollinators on crop quality as
well as yield. Moreover, previous studies have been unable to directly
isolate the impact of bat pollination on crop yield from that of other

vertebrate and/or invertebrate pollinators. This lack of information

targeted to the enhancement of wild bat pollinator populations would preserve

the sustainability of both bat-pollinated crops and wild plants.

bats, columnar cacti, crop quality, crop yield, ecosystem services, exclusion experiments,

severely hinders our ability to assess the full range of benefits of bat
pollination to crop production and the impact of potential declines in
bat pollinator populations, and consequent efforts to justify conserva-
tion actions (Melathopoulos, Cutler, & Tyedmers, 2015).

Additionally, previous studies on the importance of pollinators
to world crop production (e.g. Klein et al., 2007) have overlooked
small-scale but regionally important crops, despite the vulnerability
of subsistence and small-scale farmers (who account for 83% of ag-
ricultural production) to declines in pollinator populations, as social
and economic barriers reduce their ability to diversify if agricultural
production fails (Morton, 2007; Potts et al., 2016).

In this study, we aim to elucidate the importance of bat polli-
nation in the production of the pitaya fruit, harvested from an ar-
borescent columnar cactus Stenocereus queretaroensis, endemic
to semi-arid habitats in western central Mexico (lbarra-Cerdefa
et al., 2005). Stenocereus queretaroensis has a high cultural value in
Mexico and has been important for the subsistence of local com-
munities since pre-Hispanic times (Pimienta-Barrios & Nobel, 1994).
Stenocereus queretaroensis is a sustainable crop in arid regions; able
to tolerate drought and rocky, infertile soils, and producing its fruits
in the dry season when few other crops are available (Pimienta-
Barrios, 1999b). The flowers provide important nutrition to animals
such as bats, birds, rodents and insects when other sources of food
are scarce (Pimienta-Barrios, 1999b). Pitaya fruits are now commer-
cially cultivated, providing significant local income (Pimienta-Barrios
& Nobel, 1994). We carried out exclusion experiments to assess the
effect of different pollinating taxa on yield and quality (here, fruit
size and sweetness, and seed set) across both wild plants and three

cultivars; and used camera traps to identify pollinating taxa.

2 | MATERIALS AND METHODS
2.1 | Study area and species

We conducted this research in the municipality of Techaluta de
Montenegro, Jalisco, Mexico (20.074°, -103.550°), one of the most
important areas for pitaya production (Pimienta-Barrios & Nobel,
1994), during 2016 and 2017. The pitaya is the most valuable crop
grown in Techaluta de Montenegro, generating approximately
Mx$19,200 per ton, with production increasing yearly (SIAP, 2018). In
the wider state of Jalisco, the pitaya is the 13th most valuable crop of

the 110 crops grown (SIAP, 2018). Though some other areas continue
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to collect pitayas from wild cacti, pitaya production in Techaluta de
Montenegro is dominated almost entirely by small commercial planta-
tions, with an average size of 2.6 has +2.8 (Tremlett et al. unpubl. data;
Pimienta-Barrios, 1999b). The average density of wild S. queretaroensis
individuals in Techaluta de Montenegro is 25 per ha, while a commer-
cial plantation has approximately 1,000 cacti per ha (Pimienta-Barrios,
1999a). Fruits from popularly cultivated varieties have a higher market
value, owing mainly to their larger size (see Table S1).

Stenocereus queretaroensis is self-incompatible and is primarily
bat-pollinated in the wild, like other members of the Stenocereus
genus (Ibarra-Cerdena et al., 2005; see Appendix S1). However, the
dependence of cultivated populations of S. queretaroensis on bat
pollination for crop yield is unknown; as well as the impact of bat
pollination on parameters of pitaya quality. We studied wild indi-
viduals of S. queretaroensis (cacti of 50+ years grown naturally) as

well as three cultivars (Blanco, Mamey and Tenamaxtle) chosen for

0 250 500 Km
e — |

their economic importance, accounting for the majority of fruit pro-
duction in the area (see Table S1). The study was carried out in six
plantations, each containing all three cultivars; and six ranches with

wild cacti (Figure 1).

2.2 | Pollination dependency of Stenocereus
queretaroensis

We carried out exclusion experiments to determine the efficiency of
different pollinators, using six pollination treatments to differenti-
ate between both nocturnal and diurnal pollinators, as well as in-
vertebrate and vertebrate pollinators. To exclude certain pollinators,
bags of different mesh sizes were placed on flowers either during

the day or at night. Bags made from a very fine mesh prevented all

pollinators from visiting the flower, and bags made from 2 cm? mesh

FIGURE 1 A map of the study area located in the municipality of Techaluta de Montenegro, located 80 km south-west of Guadalajara in
the state of Jalisco, Mexico. Locations of the six plantations used as cultivated sites (orange) and the six ranches used as wild sites (green)
are shown. The seasonally dry RAMSAR lagoon is visible to the east of the town, with mountainous dry tropical forest to the west (Google

Earth, 2019)
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allowed only insects to pollinate flowers (i.e. excluded vertebrate
pollinators).

We randomly selected five cacti of each cultivar in each plan-
tation, and five wild cacti at each ranch. Six different treatments
were carried out on each cactus, with each treatment on a separate
flower: nocturnal pollinators only (NP: fine mesh bag during the day
and unbagged at night), nocturnal insects only (NI: fine mesh bag
during the day and large mesh bag at night), diurnal pollinators only
(DP: unbagged during the day and fine mesh bag at night), diurnal
insects only (DI: large mesh bag during the day and fine mesh bag
at night), open pollinated control (OC: unbagged during the day and
at night) and closed control (CC: fine mesh bag during the day and
at night). Bags were changed at 06:00 and 18:00, with experiments
lasting 24 hr. We placed all treatments on flowers opening on the
same night where possible and on consecutive nights if not. We
used randomized stratification to ensure a range of flower heights
for each pollination treatment and recorded flower height.

To assess the impact of treatment on pitaya yield and quality we
monitored experimental flowers to record mature fruit set (success
or failure). We collected successful fruits to measure six different
variables of interest: fruit length, fruit width, pulp weight, fruit
weight, sucrose content and seed set. We used the ripening times of
the first fruits to mature to establish standardized collection times
of 52, 57, 54 and 52 days for Blanco, Mamey, Tenamaxtle and wild
fruits respectively. We excluded fruits that were damaged by insects
or by people.

We weighed each fruit without spines, and measured the length
and width. We peeled the fruits and weighed the fruit pulp. We
chose fruit weight as the final indicator of fruit size, as it showed
the strongest correlation with the other size parameters (see Table
S2). Sucrose content in one-quarter of the fruit pulp (by wet weight)
was measured using a handheld refractometer. We calculated seed
set for each fruit by dividing the total seed number (estimated from
counting the seeds in one-quarter of the fruit by wet weight, and
multiplying by four) by the average number of ovules counted in 15
extra flowers from each cultivar type and wild individuals (collected
from cacti not used in exclusion experiments, but from the same
sites; see Table S3).

2.3 | Pollinators of Stenocereus queretaroensis

To determine pollinator taxa and visitation rates, we placed cam-
era traps (Spypoint Force 11D, trigger speed 0.07 s) to take photos
of vertebrate flower visitors, of which any with a pollinating ani-
mal (i.e. bats and birds) in the frame was considered as a visit. We
placed cameras at a total of 38 flowers across the flowering season
(Blanco = 9, Mamey = 11, Tenamaxtle = 10, wild = 8). We used rand-
omized stratification to ensure a range of heights (between 0.9 and
3.2 m). Camera traps were placed at 20:00 and collected the fol-
lowing day after 24 hr. To determine the effectiveness of pollination
visits, we monitored flowers for fruit set, and successful fruits were

collected and processed as above (exclusion experiments). We also

placed a Bushnell camera Trophy Cam Aggressor HD (Low-glow) at
16 different flowers to take video footage for analysis of bat feeding
behaviour, set to record 60 s of footage followed by an interval of
4 min, from 20:00 to 08:00. We classified a flower visit as one where
the tongue or snout of the bat was inserted into the flower.

To determine the visit frequency of each vertebrate pollinator
taxon (e.g. birds, bats), we counted their occurrence in camera trap
photos. We analysed the feeding behaviour by watching video foot-
age and recording the taxa of flower visitors and visit duration (to
0.1 s). Each filmed visit was classified into four categories based on

feeding style (tongue, tip, most or all of the snout/face in the flower).

2.4 | Statistical analysis

We evaluated differences in fruit set among pollination treatments
using a binomial generalized linear mixed effect model (GLMM); the
effect of pollination treatment on fruit weight [log transformed] and
sucrose concentration [cube transformed] using linear mixed effects
models (LMM); and on seed set using a weighted LMM (using r pack-
age ‘LMe4’ for all models; Bates, Maechler, Bolker, & Walker, 2015). In
all models, cacti nested within site were random effects, and cultivar
type (including wild) and pollination treatment were fixed effects.
Models were calibrated to the treatment of nocturnal pollinators
and to wild cacti, and as such parameter estimates are interpreted in
relation to these factors.

We arrived at minimum adequate models by first running a full
model complete with all fixed effects (pollination treatment, cultivar
type and flower height) and interactions between them, then remov-
ing them one by one from the model based on significance and AIC
values, choosing models with lower AIC values. Maximum likelihood
was used to compare models due to the nested random effects and
the differing number of fixed effects. We could not include closed
control fruits or fruits pollinated by nocturnal insects in analyses of
fruit weight, seed set or sucrose concentration, as no fruits were
successfully produced under these treatments.

We calculated the effect of each pollination treatment on fruit
weight, sucrose concentration and the likelihood of flowers develop-
ing into fruits, using the parameter estimates produced by the mixed
effect models described above (using r package ‘siPLot’; Liidecke,
2019). The parameter estimates for nocturnal pollinators were sub-
tracted from the estimates produced for diurnal pollinators and the
result was divided by the latter, accounting for original data and model
transformations. We used estimated marginal means to estimate over-
all yield change between pollinators across cultivars and wild cacti
(using r package ‘EmMEANS’; Lenth, 2019). We reported mean seed set
values instead of the percentage changes based on parameter esti-
mates as these are more biologically meaningful.

To reveal significant differences (averaged across cultivar type)
in fruit set, fruit weight, seed set and sucrose concentration between
nocturnally pollinated flowers and those under the other pollination
treatments, we carried out pairwise post hoc analysis using Tukey's
HSD test for the GLMM, and via Wald-statistics approximation
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(treating t as Wald z) for the LMMs, setting nocturnal pollination as
the reference to which the other pollination treatments were com-
pared (using r packages ‘EMMEANS’ and ‘sPLoT’; Lenth, 2019; Lidecke,
2019). To determine if the difference in fruit set between noctur-
nally pollinated and diurnally pollinated flowers was significant for
each cultivar type, we generated p-values by setting each cultivar
type as the reference level and rerunning the GLMM.

To determine whether there was a correlation between fruit
weight and seed set, we ran a linear regression on log transformed
fruit weight explained by seed set. To investigate the effect of the
number of bat visits to a flower on fruit quality, we ran a linear re-
gression on log transformed fruit weight, and a generalized linear
model on seed set [using a quasibinomial distribution to account for
seed set values of 1], explained by number of pollinator visits. To in-
vestigate whether there was a difference in the number of bat visits
between cultivars and wild individuals, we ran a linear regression on
log transformed visit number explained by cultivar type (including
wild).

Visual inspection of residual plots of all final models showed no
obvious deviations from homoscedasticity or normality, except for het-
eroscedastic residuals from the seed set LMM which were therefore
weighted by 1/fitted value? to ensure homoscedasticity. Statistical

analysis was done using r version 3.5.3 (R Core Team, 2019).

3 | RESULTS

3.1 | Pollination dependency of Stenocereus
queretaroensis on bats

Exclusion experiments were placed on a total of 109 S. queretaroen-
sis cacti (30 wild, 22 Blanco, 30 Mamey and 27 Tenamaxtle plants: 8
Blanco and 3 Tenamaxtle were mis-identified and therefore were not
included). A total of 178 fruits were collected from the exclusion ex-
periments out of a total of 654 flowers bagged. 453 flowers did not
produce fruits and 23 fruits were accidentally picked or damaged by
local harvesters so we could not collect them. From the 178 fruits col-
lected, 165 fruits (93%) were included in subsequent analyses; 13 were
damaged by insects and not included. Natural pollination conditions
(open control) resulted in a fruit set of 77% in Blanco, 53% in Mamey,
85% in Tenamaxtle and 67% in wild individuals (Figure 2). No fruits
were produced by the self-pollination treatment (closed control) or
nocturnal insect pollination (Figure 2).

Fruit set depended on pollination treatment (GLMM:;{Z = 286.7,
p < .0001; Table 1). Averaged across cultivars and wild-type plants,
flowers pollinated by nocturnal animals (i.e. bats) were 35% more
likely to develop into mature fruits compared to those which were
pollinated by diurnal animals. However, the dependence on bats
for fruit set differed between cultivars and wild plants (Figure 2).
Pollination by bats (NP) relative to diurnal pollinators (DP) resulted
in a significantly higher probability of fruit set of 27% for Mamey
individuals (GLMM: p < .001) and 35% for wild individuals (GLMM:
p =.002). There was no difference in the probability of fruit set for

Blanco (GLMM: p = .60) and Tenamaxtle (GLMM: p = .65) individuals
when pollinated by NP relative to DP.

When pollination was carried out by birds and diurnal insects only,
resulting fruits were significantly lighter (46% and 42% lighter for fruits
pollinated by birds and diurnal insects respectively; LMM: ;(2 = 515,
p < .0001; Figure 2), and significantly less sweet (13% and 14% lower
sucrose concentration respectively; LMM: ;{2 =9.88,p =.0196; Figure 2),
than those pollinated by bats. Seed set was also significantly lower (LMM:
;(2 = 93.5, p <.0001). Mean proportion of seed set was 0.77 (+0.04 SE)
for bat-pollinated fruits relative to 0.28 (+0.04 SE) for diurnal pollinators
and 0.32 (+0.08 SE) for diurnal insects (Figure 2; Table S4). There was
no difference between bat-pollinated flowers and flowers under natural
pollination conditions (open control) in terms of fruit set, weight, sucrose
concentration or seed set (Table 1; Figure 2). Fruit weight was positively
correlated with seed set (LM: F1,162 =79.2,r*= 32, p <.0001).

3.2 | Visits to flowers

We placed camera traps at 38 flowers for one night and day consecu-
tively and recorded a total of 1,156 visits by vertebrates. Of these,
99% were made by bats (1,142 visits) and 1% by diurnal birds (14
visits). We did not record invertebrate pollinators, and no vertebrate
nocturnal visitors other than bats appeared in camera trap photos. The
majority (78%) of the 311 observations of bats feeding in the video
footage could be attributed to Leptonycteris bats (it is not possible to
differentiate between Leptonycteris species from footage as forearm
length is a key distinguishing feature). Visits to flowers lasted between
0.1 and 2.8 s. In 88% of flower visits, the bat inserted its whole head
into the flower. Video footage of 12 bird visits to flowers showed that
nectar-feeding birds with long beaks such as hummingbirds (n = 8) in-
serted the whole head into the flower to feed in 75% of cases, likely
making contact with the anthers and stigma; while insectivorous birds
looking for insects (n = 4) inserted just the tip of the beak, and did not
appear to make contact with the reproductive parts of the flower. Bat
visitation rate per flower was erratic, ranging from O to 127 visits, but
did not differ significantly between cultivars and wild individuals (LM:
Fas = 0.23, 1r? = -.05, p = .88). The number of visits did not influence
fruit weight (LM: F1,3o =0.79, r* = -.01, p = .38) or seed set (GLM:
F130=0.79,p = .50).

The species of birds recorded by camera traps visiting the
flowers were: Amatzilia violiceps (4 visits); Icterus cucullatus (2 vis-
its); I. parisorum (3 visits); Icterus sp. (2 visits); Trochilidae sp. (2 vis-
its); Setophaga coronata (1 visit). Nectarivorous hummingbirds are
therefore likely to be the main diurnal vertebrate pollinators of
pitayas, though other species searching for insects may also con-

tribute to pollination.

4 | DISCUSSION

This is the first study to fully quantify the impact of bat pollina-

tion on both the quality and yield of a crop of high socio-economic
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FIGURE 2 Effect of pollination treatments on: (a) fruit set (Blanco: n = 22, Mamey: n = 30, Tenamaxtle: n = 27 and wild individuals: n = 30)
under pollination treatments (CC = closed control, DI = diurnal insects, DP = diurnal pollinators, NI = nocturnal insects, NP = nocturnal
pollinators, OC = open control); (b) seed set, (c) fruit weight and (d) sucrose concentration. Mixed effects models showed pollination
treatment had a significant effect on seed set, fruit weight and sucrose concentration; different letters above bars represent significant
differences between treatments of pooled data (Blanco: N = 39 (diurnal: insects only (n) = 5, diurnal (n) = 11, nocturnal (n) = 9, open (n) = 14);
Mamey: N = 26 (diurnal: insects only (n) = 1, diurnal (n) = 3, nocturnal (n) = 10, open (n) = 12); Tenamaxtle: N = 57 (diurnal: insects only (n) = 8,
diurnal (n) = 16, nocturnal (n) = 14, open (n) = 19); wild individuals: N = 42 (diurnal: insects only (n) = 1, diurnal (n) = 3, nocturnal (n) = 19, open

(n) = 19)). Figure produced using r package ‘ccpLot2’ (Wickham, 2016)

importance, across both wild plants and multiple cultivars, with im-
portant implications for ecosystem management. We found that in the
absence of pollination by nectarivorous bats, yield and quality (i.e. fruit
weight, as size determines market value) of S. queretaroensis decreased
significantly by 35% and 46% respectively. Hence, nectarivorous bats
contribute substantially to the economic welfare of the rural produc-
tion region. Sustainable agricultural practices (such as reduced pesti-
cide use) are therefore essential to ensure the continued provision of
pollination services by nectarivorous bats in plantations, along with
conservation efforts to protect wild bat pollinator populations at roost

sites and along migration routes.

4.1 | Benefits of bat pollination

Bats are the most effective pollinators of S. queretaroensis, enhanc-
ing both fruit yield and quality. Here fruits pollinated by bats had
a higher seed set than those pollinated by diurnal animals, indi-

cating pollination by bats is more effective even where fruit set is

maintained by both bats and birds. Visitation rate did not affect ei-
ther fruit or seed set, with one visit by bats to the flower enough for
effective pollination. The feeding style of bats resulted in an appar-
ently higher likelihood of contact with the reproductive parts of the
S. queretaroensis flower than that of birds, we found a much higher
visitation rate by bats than birds, and bats then have a higher capac-
ity to take up and hold pollen on their fur compared to avian pollina-
tors on feathers (Muchhala & Thomson, 2010).

Unlike in crops such as some citrus fruits, an increased seed
content of pitayas does not reduce market value, as the seeds are
small, easily digested and high in protein (Pimienta-Barrios, 1999b).
Developing seeds produce phytohormones which promote cell ex-
pansion in the surrounding fruit tissue, thereby increasing fruit size
and weight (Gillaspy, Ben-David, & Gruissem, 1993). Additionally,
these hormones limit the expression of expansins, proteins that
soften fruit and reduce shelf-life (Klatt et al., 2014), which may be
beneficial for pitaya producers as the perishability of pitayas is a
challenge to market growth (Pimienta-Barrios & Nobel, 1994). In the

later stage of development, cells accumulate carbohydrates, which
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impacts of declines in pollinator abundance on crops. While depen-
dence on bat pollination varied with cultivar, all cultivars and wild
types experienced a large reduction in fruit quality in the absence of
bats, reducing market value. The benefits of bat pollination therefore
are more significant than suggested by previous studies that consid-

ered yield only (e.g. Bumrungsri et al., 2008, 2009).

4.3 | Potential economic and socio-cultural
consequences of losing bat pollination services

In Latin America, bat colonies and roosting sites are frequently de-
stroyed to kill vampire bats Desmodus rotundus, which can cause
economic damage to livestock by transmitting bovine paralytic ra-
bies (Williams-Guillén, Olimpi, Maas, Taylor, & Arlettaz, 2016), also
threatening other species of cave-dwelling bats, such as members
of the genus Leptonycteris. Leptonycteris yerbabuenae and L. niva-
lis are important pollinators of many species of wild Cactaceae in
the Neotropics, which play keystone ecological roles by providing
nutrients, water and structural resources for many animal species
(Fleming & Valiente-Banuet, 2002; Frick, Shipley, Kelly, Heady, &
Kay, 2014; Kunz et al., 2011). A decline in bat populations, with a
corresponding decline in S. queretaroensis and other columnar cacti,
would have catastrophic cascading effects. The high reliance of
S. queretaroensis on bat pollinators indicates specialization and in-
creased vulnerability to pollinator loss, unlike in regions where less
seasonally reliable bat populations result in more generalized pol-
lination syndromes (Molina-Freaner, Rojas-Martinez, Fleming, &
Valiente-Banuet, 2004).

The most valuable cultivar, Mamey (accounting for nearly 60% of
fruit production in the study area; unpubl. data), and the wild cacti
were highly reliant on bats for fruit production. The pitaya is the
most valuable crop grown in Techaluta de Montenegro, and is a chief
source of employment in an area lacking in economic opportunity
and where nearly half the population (49%) already have an income
insufficient to provide well-being (CONEVAL, 2016; SIAP, 2018). In
other areas, pitaya production is based entirely on the collection of
wild fruits (Pimienta-Barrios, 1999b). Loss of bat pollination services
may therefore result in a substantial loss of income from the reduc-
tion of both fruit yield and quality, both in an agricultural and a wild

context.

4.4 | Implications for ecosystem management

Protection of cave roosts will help to safeguard the continued provi-
sion of ecosystem services provided by cave-dwelling bats (including
pest-control and guano production from insectivorous bats). Loss of
suitable foraging habitat is a key driver of declines in pollination ser-
vices world-wide (Potts et al., 2016), and populations of Leptonycteris
spp. bats are migratory, following ‘nectar corridors’ that run from
south-west USA to central and southern Mexico (Frick et al., 2014).

Conservation management actions are therefore vital throughout the

migration route to enhance bat pollinator populations by maintaining
a high species richness of food plants, especially in tropical dry forests
(Burke, Frey, Ganguli, & Stoner, 2019). Pitaya plantations in the study
area likely represent important feeding grounds for nectarivorous
bats, as S. queretaroensis flowers when few other species are flower-
ing (Pimienta-Barrios & Nobel, 1994). Additionally, the conservation
of wild populations negatively impacted by agricultural activities and
cattle grazing (Pimienta-Barrios, 1999b) is key to both providing floral
resources for nectarivorous bats and maintaining a reservoir of genetic
diversity in S. queretaroensis. Increased genetic heterogeneity within
crops decreases the vulnerability to the disease, which may become in-
creasingly important as pitaya production increases (Zhu et al., 2000).

Currently, pitaya production is largely organic, with fruits sold
at local markets (Pimienta-Barrios & Nobel, 1994), but there are
now efforts to begin international exportation of this crop. Such
increased demand and commercialization should not result in an in-
creased use of pesticides and other chemicals, as commonly seen
when agricultural systems are industrialized (Pingali & Rosegrant,
1995). Intensity of pesticide use overall in Mexico has shown rapid
growth in recent decades (Schreinemachers & Tipragsa, 2012). Bats
can consume pesticides when feeding from flowers or fruits that are
treated with chemicals, with negative consequences such as reduced
reproductive output, immunosuppression and increased mortality
(Williams-Guillén et al., 2016). Additionally, biodiversity-friendly
farming practices would also benefit insectivorous bats that likely
have positive impacts on crop production through pest control
(Maas et al., 2015).

5 | CONCLUSIONS

Despite the huge economic value of some bat-pollinated crops
such as durian (Aziz et al., 2017; Bumrungsri et al., 2009), the im-
portance of bats as pollinators is often overlooked. Additionally,
studies focusing on globally important products have omitted
small-scale crops, such as pitayas, that are important to local com-
munities. This study provides evidence that Leptonycteris yerb-
abuenae (the lesser long-nosed bat) and other nectarivorous bat
pollinators are crucial for the production of a local crop of high
socio-economic importance in Mexico. Recognition of the ecosys-
tem services provided by bats provides an alternative narrative for
inhabitants of the production area who may currently associate
bats with ecosystem disservices such as disease transmission and
crop raiding. Management actions targeted to the enhancement of
bat pollinator populations are crucial both in the production area
and along the whole migration route in order to sustain rural liveli-

hoods and well-being.
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