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Abstract

The most universal adaptations of tropical frugivores to the seasonal rhythms of fruiting
involve their annual breeding cycles. In bats, these cycles typically follow a pattern termed
bimodal polyestry, consisting in the production of one offspring per female twice during
the breeding season. We use data gathered along 29 years to show that, in cloud forests
in the Venezuelan Andes, the breeding cycles of Carollia brevicauda and other frugivorous
phyllostomid bats (eigth species of the genera Sturnira, Artibeus, Dermanura, Enchisthenes,
and Platyrrhinus) conform to bimodal polyestry, with a high interspecific synchronization
and a low interannual variability. We analyze the adaptive significance of this pattern in terms
of three hypothetical variables: demand, consumption, and supply of food sources, explicitly
concluding that the seasonality of fruit production, resulting from the average rainfall regime,
is the ultimate factor causing bimodal polyestry. The constancy in the seasonal schedule
of breeding and concomitant fluctuation of age proportions, both in the bat populations
studied under natural conditions, and in captive Carollia colonies maintained under year-
round uniform conditions, suggests presence of an endogenous component in the annual
breeding cycles of frugivorous phyllostomids. To conclude, we argue that the seasonality
of fruiting is also likely to be the proximate environmental factor modulating these cycles,
irrespective of whether it does so indirectly as a time cue entraining endogenous rhythms,
or directly as a limiting factor determining whether bat breeding and population growth are
possible.

Key words: Artibeus, bimodal polyestry, circannual rhythms, Dermanura, Enchisthenes,
environmental cues, Platyrrhinus, reproductive strategies, Sturnira, tropical seasons.

Resumen

Las adaptaciones mas universales de los frugivoros tropicales a los ritmos estacionales de
fructificacion atafien a sus ciclos anuales de cria. En murciélagos, estos ciclos tipicamente
se ajustan a un patréon denominado poliestria bimodal, consistente en la produccién de un
descendiente por hembra dos veces durante la estacién de cria. Empleamos datos reunidos
durante 29 anos para documentar que, en selvas nubladas de los Andes Venezolanos, los
ciclos de cria de Carollia brevicauda y otros murciélagos filostomidos frugivoros (ocho
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BREEDING AND AGE-STRUCTURE IN CLOUD FOREST BATS

especies de los géneros Sturnira, Artibeus, Dermanura, Enchisthenes y Platyrrhinus)
concuerdan con la poliestria bimodal, con elevada sincronia interespecifica y baja
variabilidad interanual. Analizamos el significado adaptativo de este patrén en términos
de tres variables hipotéticas: demanda, consumo y suministro de recursos, concluyendo
explicitamente que la estacionalidad de la fructificacion, resultante del régimen promedio de
precipitaciones, es el factor selectivo Gltimo causante de la poliestria bimodal. La constancia
en la estacionalidad de la cria y concomitante fluctuacién de proporciones etarias, tanto en
las poblaciones de murciélagos estudiadas bajo condiciones naturales, como en colonias
cautivas de Carollia mantenidas bajo condiciones uniformes todo el afo, sugiere presencia
de un componente endégeno en los ciclos de cria de los filostomidos frugivoros. Para
concluir, argumentamos que la estacionalidad de la fructificacién probablemente también
es el factor proximo ambiental modulador de estos ciclos, independientemente si lo hace
indirectamente como factor sincronizador de ritmos endégenos, o directamente como un
factor limitante que determina si la actividad de cria y el crecimiento poblacional de los
murciélagos son posibles.

Palabras clave: Artibeus, Dermanura, Enchisthenes, estaciones tropicales, estimulos
ambientales, estrategias reproductivas, Platyrrhinus, poliestria bimodal, ritmos circanuales,
Sturnira.

Introduction
In tropical forests, the availability of ripe fruit to frugivorous vertebrates is often concentrated

between the middle of the dry season and the first half or first two-thirds of the wet season
(Medway 1972; Frankie et al. 1974; Croat 1975; Hilty 1980; Opler et al. 1980; Alexandre
1980; Jackson 1981; Lieberman 1982; Terborgh 1983; Gautier-Hion et al. 1985; Schaik
1986; Koptur et al. 1988; Heideman 1989a; Peres 1994; Estrada and Coates-Estrada 2001;
Haugaasen and Peres 2005; Bentos et al. 2008). To cope with the resulting shortage of fruit
during the late wet season and early dry season, frugivores resort to strategies such as: 1)
subsisting on stored food or body fat and protein accumulated during the previous time of
plenty (McNab 1976; Smythe 1978, 1986; Emmons 1980; Smythe et al. 1982; Goldizen
et al. 1988); 2) increasing foraging time (Leck 1972; Terborgh 1983); 3) living on alternate
foods, such as unripe or less-preferred fruit, foliage, and nectar and pollen (Heithaus et al.
1975; Foster 1977; Janson et al. 1981; Smythe et al. 1982; Leighton and Leighton 1983;
Terborgh 1983; Feer 1989; Peres 1994); 4) modifying home ranges to increase the chance
of encountering fruit (Fleming and Heithaus 1986; Leighton and Leighton 1983); or 5)
migrating to other localities in which fruit is more abundant (Nelson 1965; Morton 1977;
Marshall and McWilliam 1982; Worthington 1982; Thomas 1983; Wheelwright 1983;
Richter and Cumming 2006). However, the most universal adaptations of tropical frugivores
to the alternation of seasons of plenty and shortage of fruit concern their annual breeding
cycles (Molinari 1993).

The annual breeding cycles of Neotropical frugivorous bats have been studied in southern
Mexico and Central America (Fleming 1971; Fleming et al. 1972; LaVal and Fitch 1977;
Bonaccorso 1979; Dinerstein 1986; Wilson et al. 1991; Estrada and Coates-Estrada 2001;
Stoner 2001; Chaverri and Kunz 2006; Montiel et al. 2011; Durant et al. 2013), and in some
areas of South America (Taddei 1976; Thomas 1983; Willig 1985; Graham 1987; Bonilla
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and Turriago 1988; Cosson and Pascal 1994; Sosa and Ramoni-Perazzi 1995; Bernard 2002;
Mello and Fernandez 2000; Mena and Williams de Castro 2002; Mello et al. 2004, 2009;
Duarte and Talamoni 2010). Wilson (1979) and Racey (1982) provided syntheses of earlier
literature. These authors noted that, with few exceptions, breeding in these bats follows
a pattern known as bimodal polyestry (Wilson 1973), consisting in the production of two
offspring per female, each at a different parturition, during a breeding season beginning
late in the dry season and ending toward the mid or late wet season. At tropical latitudes,
the same pattern also appears to be the rule among Paleotropical frugivorous bats (Okia
1974a, b, 1987; Mutere 1968; Baranga 1980; Marshall and McWilliam 1982; Thomas and
Marshall 1984; Bernard and Cumming 1997; Kofron 1997; Heideman and Powell 1998;
Bumrungsri et al. 2007; Monadjem and Reside 2012), which are not closely related to
their Neotropical counterparts and most likely evolved frugivory independently (Wible and
Novacek 1988; Hutcheon et al. 2002). Both in Neotropical and Paleotropical frugivorous
bats, seasonal monoestry or aseasonal polyestry are the known exceptions to bimodal
polyestry (Mutere 1967; Fayenuwo and Halstead 1974; Wilson 1979; Heideman 1988;
Penzhorn and Rautenbach 1988; Estrada and Coates-Estrada 2001; Stoner 2001; Haldar
and Yadav 2006; Kofron 2007a, b; Duarte and Talamoni 2010; Montiel et al. 2011). In
Neotropical frugivorous bats, seasonal monoestry has been observed in northwestern Costa
Rica (Artibeus jamaicensis, Carollia perspicillata ; Stoner 2001) and in the Brazilian Atlantic
forest (Artibeus lituratus; Duarte and Talamoni 2010), whereas aseasonal polyestry has been
observed in southern Mexico (A. jamaicensis, Carollia brevicauda, Sturnira lilium; Estrada
and Coates-Estrada 2001; Montiel et al. 2011). Equivalent adaptive strategies, involving
breeding cycles in nonflying mammals (e. g. Harrison 1955; Fleming 1973; Charles-
Dominique 1977; Heany and Thorington 1978; O’Connell 1979; Charles-Dominique et al.
1981; Glanz et al. 1982; Smythe et al. 1982; Gliwicz 1984; Goldizen et al. 1988; Snowdon
and Soini 1988; Cerqueira et al. 1989; Roosmalen and Klein 1988; Carnegie et al. 2011;
Heesen et al. 2013), and breeding and molting cycles in birds (Moreau 1937; Skutch 1950;
Snow 1976; Foster 1975; Worthington 1982), are also found in other frugivorous vertebrates
of tropical forests.

Even though there is general agreement that seasonal fluctuations in fruit availability,
resulting from the seasonality of rainfall, is the ultimate factor, or selective force, that
has shaped the breeding patterns of frugivorous vertebrates in the tropics, the nature of
the proximate factors, or mechanistic cause, responsible for the onset and synchrony
of each annual cycle remains contentious. For frugivorous birds, some authors (Ward
1969; Fogden 1972; Jones and Ward 1976; Snow 1976; Worthington 1982) have argued
the proximate and the ultimate factors to be the same (i. e. seasonal fluctuations in the
availability of fruit). In the Neotropics, climatic factors, namely rainfall or temperature,
have been suggested as possible proximate factors for frugivorous bats and nonflying
mammals (Fleming et al. 1972; Glanz et al. 1982; Willig 1985; Mello et al. 2004, 2009).
Resource abundance has been proposed as the proximate factor for Haplonycteris
fischeri, a Paleotropical frugivorous bat (Heideman 1988).

In this study, we report data recorded along 29 years on the annual cycles of breeding
and age structure in Carollia brevicauda (Phyllostomidae) and eight other species of
frugivorous phyllostomids of the genera Sturnira, Artibeus, Dermanura, Enchisthenes, and
Platyrrhinus. Based on these data and on a review of previously published information,
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we examine the ultimate and proximate factors of annual breeding cycles in frugivorous
phyllostomids.

Study area. Main study areas were on the southeast slope of the Sierra de La Culata, near
the city of Mérida, Mérida state, Venezuela. The natural vegetation of the areas is cloud
forest, which still occupies a large fraction of slopes at elevations of 1,900 - 2,900 m. This
cloud forest is diversified into two major kinds differing in floristic composition and vertical
structure: lower montane cloud forest below 2,200 m, and higher montane cloud forest
above 2,200 m (Ataroff and Sarmiento 2003). Most bats in our sample were captured in
cloud forests at four sites: Monte Zerpa (8° 38’ N, -71° 10" W), elevations 2040 — 2100 m;
Vega de Don Pedro and Monterrey (8° 41" N, -71° 07" W), elevations 2.330 - 2370 m; and
Prado Verde (8° 40’ N, -71° 06’ W), elevation 2,200 m. A small fraction of the bats in our
sample were captured in cloud forests at three additional sites: La Mucuy Alta (8° 38" N, -71°
02’ W), elevation 2260 m; La Pedregosa Alta (8° 37" N, -71° 11" W), elevation 2000 m; and
near Jaji (8° 34’ N, -71° 19" W), elevation 1,950 m.

Climate data for 27 years (1974 - 2001) are available for the Santa Rosa Meteorological
Station (Fig. 1), which is adjacent (8° 37" 39” N, -71° 09’ 25" W, elevation 1,950 m) to
Monte Zerpa, one of the mist-netting sites. Average yearly temperature is 17.2° C. Average
monthly temperatures range from minima of 16.0 — 16.3° C in December and January, to
maxima of 17.8 — 18.0° C in May, August, and September (Fig. 1). Though the overall annual
temperature pattern is bimodal, monthly variability is proportionally high, to the point that
the pattern changes substantially from year to year.

The average rainfall pattern is also bimodal, and thus four seasons can be recognized
(Fig. 1), to which hereafter we will refer to as the “long dry season” (December—March),
“first wet season” (April-June), “short dry season” (July), and “second wet season” (August—
November). Monthly variability in rainfall is substantial, thus such seasons can become
barely or not distinguishable in particular years (Fig. 1).

During 1982 and 1983, which were the years in which we sampled bat populations
most intensively, and 1981, a year possibly causing time-lag effects on bat reproduction in
1982 and 1983 (Fig. 2), monthly rainfall in the Santa Rosa Meteorological Station deviated
considerably from the average annual pattern (Fig. 1): the four-seasons pattern was not
clearly discernible in 1981, the short dry season of 1982 was much more severe than the
preceding (1981 - 1982) long dry season, the long dry season of 1982 - 1983 was unusually
severe and, conversely, the wet seasons were easily recognizable only in 1982, and 1983
(Fig. 2).

Assuming that rainfall/humidity could act as an environmental cue synchronizing the
annual breeding cycle of small mammals, such as Neotropical frugivorous bats (Fleming et
al. 1972; Glanz et al. 1982; Willig 1985), the time scale of physiological relevance would
likely be much shorter than a monthly one. Therefore, we also grouped the 1981, 1982, and
1983 rainfall data for the Santa Rosa Meteorological Station into semimonthly and weekly
intervals (Fig. 2). Shortening of the time scale makes the seasonal pattern of wet and dry
seasons much less evident: only the first wet and short dry seasons of 1982, and the long dry
season of 1982-1983, remain distinguishable at a weekly scale (Fig. 2).
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Fig. 1. Average
monthly  temperature
and rainfall in the Santa
Rosa  Meteorological
Station, Estado Mérida,
Venezuela.  Vertical
bars represent + 1
standard deviation.

Field work. From September 1979 through January 2007, we mist-netted across trails within
cloud forest used by bats as flyways. From October 1981 through March 1984, we also mist-
and hand-netted in roosts used as diurnal retreats by Carollia brevicauda. This increased
sample size for this species, and allowed obtaining data on non-volant infant bats of the
species. Immediately after capture, we placed each bat individually in a cloth bag, in which
we held it for 30 - 60 min before processing to make certain that any food remains present in
its digestive tract would be defecated prior to data taking and subsequent release. We band-
marked a large fraction of released bats either by making a small incision in the propatagium
and slipping a lipped aluminum band through it and around the forearm, or by means of
a plastic necklace carrying a numbered aluminum band (Bonaccorso et al. 1976; Gannon
1994).
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Employing a standard data sheet, we recorded at least the following data from each
captured bat: identification number, date and site of capture, species, sex, breeding status,
age parameters (dentition, pelage, finger epiphyses), body mass, and forearm length. We
assessed breeding status in females by observing the condition of mammae (minute and
hidden in pelage, naked and milkless, with milk) and noting if pregnancy was externally
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evident. Breeding categories of individuals recognized on the basis of these criteria are
presented in Results. We classed dentitions as deciduous, mixed, or permanent; and pelages
as juvenile, intermediate, or adult. To determine the stage of ossification of the metacarpal
and phalangeal epiphyses, the wings of each bat were transilluminated with a handheld
flashlight. Individual bats were noted as having one of three stages of ossification:stage 1,
implying entirely nonossified (cartilaginous) epiphyses; stage 2, in which the epiphyses are
only partly cartilaginous owing to a distal center of ossification being present; and stage 3,
implying entirely ossified epiphyses. These same stages were distinguished and carefully
illustrated by Kunz and Anthony (1982). We also palpated epiphyses to supplement
observations on transilluminated wings. Epiphyseal regions felt evenly tapered and
protuberant in bats with ossification of stage 1, compact and angular in bats with ossification
of stage 3, and intermediate in bats with ossification of stage 2. Age classes recognized
on the basis of these criteria are presented in Results. For C. brevicauda, we estimated the
approximate range of ages for each age class by employing recapture records of individuals
for which an approximate date of birth was known or could be estimated.

1981 - Weekly

A A

1981 - Semimonthly

1982 - Weekly 1983 - Weekly

1982 - Semimonthly

1981 - Monthly
2150.4 mm

1982 - Monthly
2537.3 mm

1983 - Monthly
1971.9 mm
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Fig. 2. Monthly,
semimonthly, and
weekly rainfall during

1981, 1982, and
1983 in the Santa
Rosa  Meteorological

Station, Estado Mérida,
Venezuela.

Data analyses. Based on field data, each adult female was assigned to one of seven breeding
categories: 1) no external signals of pregnancy + no indication of present or past lactating
activity; 2) pregnant (medium pregnancy); 3) pregnant (advanced pregnancy); 4) lactating;
5) postlactating; 6) pregnant (medium pregnancy) + lactating; 7) pregnant (medium
pregnancy) + postlactating. Similarly, each bat of any sex was assigned to one of four
age categories: 1) adult; 2) subadult; 3) juvenile; 4) infant. Ranges of body masses and
measurements, discrete characters, and absolute age estimations of individuals of Carollia
brevicauda belonging to these breeding and age categories are reported in Results.
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For each of the nine bat species, we grouped data regardless of year of collection (1979
- 2007) in 1.5-month intervals (Fig. 3, Table AT). This procedure led to what we feel is
the minimum number of intervals (8) needed to portray with sufficient detail the temporal
succession of breeding and age-structure categories. Only in the case of C. brevicauda, sample
sizes were large enough for subdividing data (maintaining the same 1.5-month intervals) to
allow statistical comparisons involving different years, or groups of years. Therefore, for this
species we had four data sets: 1) all years combined (1979 - 2007); 2) multiyear (1979 -2007,
excluding 1982 and 1983); 3) single year 1 (1982); and 4) single year 2 (1983). In the case
of other species, smaller sample sizes required a different procedure, namely lumping data
to allow statistical comparisons among monophyletic supraspecific groups (clade names
according to Wetterer et al. 2000), as follows: Sturnirini (Sturnira bidens + S. bogotensis +
S. erythromos + S. ludovici); Stenodermatini (Artibeus lituratus + Dermanura bogotensis +
Enchisthenes hartii + Platyrrhinus umbratus); Stenodermatinae (Sturnirini + Stenodermatini).

Results  of

Kolmogorov-Smirnov
2-sample  goodness-of-
fit tests (Z) comparing
distributions along
1.5-month intervals of
individuals belonging to
each female-breeding or
age category.

*All - Z  values non-
significant. See Methods
for further explanation.

Data sets compared (Carollia vs. Stenodermatinae) Cells V4 (2_’?;/1251)3
Pregnant females 8vs. 8 0.250 1.000
Lactating females 8vs. 8 0.500 > 0.964
Postlactating females 8vs. 8 0.750 >0.627
Adults 8vs. 8 0.500 > 0.964
Subadults 8vs. 8 0.500 > 0.964
Juveniles 8vs. 8 0.500 > 0.964
All above categories consecutively 48 vs. 48 0.816 >0.518

For statistical tests, we used SPSS for Windows, version 11. We used the Kolmogorov-
Smirnov 2-sample goodness-of-fit tests to compare, for C. brevicauda (1979-2007) versus
the Stenodermatinae (1979-2007), the distributions along the 1.5-month intervals of
individuals belonging to each female breeding category, and each age category (Table 1); i.
e., we conducted a test separately for each female breeding category and each age category.

These tests were aimed at detecting significant differences in the seasonal distribution
of the proportions of female-breeding and age categories between both data sets. Before
carrying out the tests, we equalized the size of the larger sample to the size of the smaller
sample of the same 1.5-month interval without altering the proportional abundance
of each female breeding or age category. For example, in the case of the 16 April-31
May interval, sample size for C. brevicauda (n = 149) was larger than sample size
for the Stenodermatinae (n = 96). The ratio between these sample sizes is 96/149 =
0.6443. Therefore, we reduced the sample size of C. brevicauda for this interval to 96 by
multiplying the numbers of adults (81), subadults (18), and juveniles (50) by 0.6443, thus
obtaining an “equalized” sample consisting of 52 adults, 12 subadults, and 32 juveniles.
Once this was done, we used a test to compare the abundances of the adults along the
eight intervals, another test to compare the abundances of the subadults along the eight
intervals, and so on.

To gauge the intraspecific, interspecific, and interannual synchronization among the nine
species of bats considered in the study with regard to the seasonal schedule of female-
breeding and age structure changes, we calculated Pearson (r) and Spearman correlation
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(p) coefficients, and their significances. Because Pearson and Spearman correlation
coefficients were very similar in magnitude (as typical, Spearman values were a little
lower) and significance, we report only Pearson coefficients (Table 2). We tested all
possible non-redundant pairs involving C. brevicauda (1979 - 2007, multiyear, 1982,
1983) and supraspecific (Sturnirini, Stenodermatini, Stenodermatinae) data sets. In
contrast with the previous procedure (Table 1), we considered together, as a single
data row, all categories in each data set, i.e., we calculated correlations by considering
simultaneously female (non breeding, pregnant without distinction between medium
and advanced pregnancies, and lactating) and age (juveniles, subadults, and adults)
categories, and by pairing proportions of such categories belonging to the same
1.5-month intervals of the two data sets (Table A1). To preclude variation in sample
size from affecting correlations (Bates et al. 1996), we considered proportions of
individuals in categories, as opposed to numbers of individuals in categories. In our
case, there is no risk of spurious correlations owing to the use of proportions because
transformations, whose only effect is to equalize samples to a common size (n = 100),
do not involve shared divisors or multipliers that might act as confounding factors, or
lurking variables, i.e., each sample was internally standardized with no influence of
other samples. However, we note that correlation coefficients obtained using numbers
instead of proportions of individuals are moderately lower and similarly significant to
those that we report (Table 2). This can be verified by repeating our calculations using
data supplied in the Appendix. Because we calculated the significances of multiple
correlation coefficients, we applied the Bonferroni correction to them. This correction
is the simplest and most conservative method to control the probability of obtaining
false positives (at the expense of increasing the proportion of false negatives) as a result
of testing numerous hypotheses (e. g. Curtin and Schulz 1998).

Results
Female-breeding categories and age classes. We distinguish four female-breeding

categories:

A) Non-breeding. Females that do not do not belong to the pregnant, lactating, or
postlactating categories.

B) Pregnant.  Operationally defined as females that show externally visible
pregnancies. In Table A1, we subdivide this category into females with medium
pregnancies, and females with advanced pregnancies.

C) Lactating. Females with mammae from which milk can be extruded. This

category includes females lacking externally visible pregnancies and females with
medium pregnancies, but excludes females with advanced pregnancies, which initiate
colostrum or milk production shortly before parturition.

D) Postlactating. Females that have ceased to suckle their offspring recently. These
females are recognizable for their milkless but naked and enlarged mammae. This
category includes females lacking externally visible pregnancies and females with
medium pregnancies.

Though we used only three of them in the analyses, we distinguish four age classes:

A) Infants. Having non-ossified epiphyses (stage 1, see Methods), juvenile pelage,
totally or partially deciduous dentition, and no or limited flying capacity (thus they
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were captured only within a roost, or while being carried by the mother). In Carollia
brevicauda, members of this age class are aged from 0 to approximately 25 days, have
body masses ranging from 5.0 to 10.5 g (mean = 7.7, SD = 1.5, n = 20), and forearm
lengths ranging from 26.9 to 37.2 mm (mean = 31.5, SD = 3.7, n = 21).

B) Juveniles. Having non-ossified epiphyses (stage 1), and juvenile pelage. Differ
from members of the previous age class in having complete permanent dentition and
in being volant. In C. brevicauda, members of this age class are aged from slightly less
than one month to approximately two months, have body mass ranging between 10.5
and 16.0 g (mean = 13.4, SD = 1.3, n = 67), and forearm lengths ranging between 37.0
and 41.9 mm (mean = 40.1, SD = 1.0, n = 66).

C) Subadults. Differ from members of the previous age class in having partially
ossified epiphyses (stage 2), and adult or close-to-adult pelage. In C. brevicauda,
members of this age class are approximately aged two to three months, have body
masses ranging from 14.0 to 20.0 g (mean = 16.2, SD = 1.1, n = 91), and forearm
lengths ranging from 38.2 to 43.0 mm (mean = 40.7, SD = 0.5, n = 86).

D) Adults. Differ from members of the previous age class in having completely
ossified epiphyses (stage 3), and, presumably, in being reproductively mature
(referentially, females of the frugivorous phyllostomid, Dermanura watsoni, are known
to reach sexual maturity when aged three to six months; Chaverri and Kunz 2006). In
C. brevicauda, members of this age class are aged approximately four months or older,
have body masses ranging from 15.0 to 21.5 g (mean = 18.1, SD = 1.3, n = 230) in
males, and from 15.0 to 21.0 g (mean = 17.7, SD = 1.5, n = 273) in females, and have
forearm lengths ranging from 38.2 to 43.0 mm (mean = 40.6, SD = 0.9, n = 225) in
males, and from 38.5 and 44.2 mm (mean = 40.9, SD = 1.0, n = 339) in females.

Breeding and age-structure seasonality. In the 15 January-28 February and 1 March-15
April intervals, corresponding to the last half of the long dry season and onset of the first
wet season (Fig. 1), indications (lactating and postlactating females, juveniles, subadults)
of the preceding annual breeding cycle have disappeared (Fig. 3, Table A1). Because
females with medium pregnancies predominate during 15 January-28 February, and
females with advanced pregnancies and lactating females predominate during 1 March
-15 April, a well-synchronized start of a communal breeding season occurs, with a first
annual birth-pulse beginning towards the onset of the first wet season.

As a consequence of a first annual birth-pulse having begun during the preceding
interval, there is a substantial appearance of juveniles and subadults in the 16 April-31
May, 1 June 15-July, and 16 July-31 August intervals, which comprise the interlude
from the first wet season through the beginning of the second wet season (Fig. 3, Table
ATl). As expected, juveniles predominate over subadults during 16 April-31 May, and
subadults over juveniles thereafter. In contrast with the preceding interval of 1 March
-15 April, females with medium pregnancies predominate over females with advanced
pregnancies, indicating not only that the first annual birth-pulse is ending, but also
that a second annual birth-pulse is either approaching or, as suggested by the presence
of lactating females, initiating. The presence of simultaneously pregnant (medium
pregnancies) and either lactating or postlactating females during the breeding season
(Table A1) is additional evidence supporting the notion of a second annual birth-pulse
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per female, or bimodal polyestry. The second annual birth-pulse appears less marked and,
especially, less synchronized than the first.

During the 1 September-15 October interval, corresponding to the second wet season,
the persistence of juveniles and subadults reflects the second annual birth-pulse having been
initiated in the preceding intervals. However, because during this interval pregnant females
are few and lactating and especially postlactating females are abundant, and because
subadults predominate over juveniles, we conclude that the second annual birth-pulse, and
therefore the communal breeding season, is about to end.

1.5-month intervals
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Fig. 3. Breeding (adult
females) and age structure
(both  sexes) seasonality
for one specific (Carollia
brevicauda) and  two
supraspecific  (Sturnirini,
Stenodermatini) bat groups.
Data were obtained from
1979 through 2007, and
grouped in  1.5-month
intervals. Sample sizes are
indicated below diagrams.
The correct position of
diagrams in a continuous
yearly scale is indicated
by means of the centered
vertical line below each
horizontal bracket.

During the 1 December-14 January interval, corresponding to the initial half of the long
dry season, non-breeding females and adults markedly predominate in the samples of all
species (Table A1), making this the interval in which the intra and interspecific synchrony is
most notable. Postlactating females and subadults are present, indicating that a birth-pulse
occurred earlier. Nevertheless, no lactating females or juveniles were detected, indicating
that the birth-pulse did not extend into the immediate past. Because pregnant females are
few, and exhibit only medium pregnancies, it also appears that a birth-pulse is not to be
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expected in the immediate future (this is supported by the absence of lactating females and
low proportion of females with advanced pregnancies during the following interval of 15
January-28 February). Therefore, there is a communal non-breeding phase coinciding with
the latter part of the second wet season and onset of the long dry season.

In summary, pregnant females show two well-defined annual peaks of proportional
abundance, a first one during the later part of the long dry season, and a second one
coinciding with the short dry season. Lactating females show an equivalent but delayed
pattern, with peaks approximately coinciding with the first wet season, and initial half of
the second wet season. Postlactating females show two frequency peaks following those
of lactating females. The two peaks in postlactating females are followed by peaks in the
proportional abundance of juveniles, which coincide with the final half of the first wet
season, and second wet season. Likewise, the proportional abundance of subadults shows
peaks near and during the short dry season, and final half of the second wet season and
beginning of the long dry season. Finally, adults show frequency fluctuations resulting from
the appearance of young age classes, and attain their maximal proportional abundance in
the middle of the long dry season as a consequence of the conclusion of the breeding season
three to four months earlier. Therefore, although data for several species are insufficient
during some intervals (Table A1), the overall trend shown by all species is clearly consistent
with bimodal polyestry, with a high degree of intra and interspecific synchrony.

Statistical significance of the pattern. In a broad comparison of Carollia brevicauda with
the Stenodermatinae as a whole, we could not find significant differences in the seasonal
distribution of the frequencies of three female breeding and three age categories, either
considered separately from other categories, or collectively (Table 1). Therefore, we could
not detect differences (which could result from discrepant interannual variabilities, growth
rates, lengths of gestation and lactation periods, or responses to environmental cycles) in the
timing of the breeding season between C. brevicauda and the Stenodermatinae.

On the contrary, there is statistical support for the notion that all bat species considered
in our study are reproductively synchronized (Table 2). In spite of ample differences from
year to year in the quantity and seasonal distribution of rainfall (Figs. 1 and 2), we found very
high and significant correlations between every possible pair of non-redundant data sets
involving different bat species and year combinations (Table 2). Therefore, we conclude that:
1) breeding and age structure fluctuate in parallel in all bat species being considered; and 2)
seasonal breeding shows a remarkably low interannual variability.

Discussion
Ultimate factors: assumptions. The analysis of the ultimate factors of seasonal breeding

offered here is based on the explicit distinctions among “demand”, “consumption”, and
“supply”, and on postulates concerning the mutual relationships of these terms. Demand
refers to the minimal fruit-crop within the joint home range of a population of frugivores
required for all individuals to succeed in locating enough food to satisfy their vital needs.

Consumption refers to the portion of a fruit-crop actually depleted by a population of
frugivores. That a demand was exerted can be inferred a priori, i.e. without the need of
subsequent data, by merely detecting that a population of frugivores existed. Demand
increases with population growth and as the proportional representation of critical,
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higher-demanding groups of individuals (females with advanced pregnancies, lactating
females, juveniles, subadults) increases within the population. That a demand has been
at least partially satisfied, and hence that consumption occurred, can be inferred a
posteriori, i. e. with the aid of subsequent data, by detecting that a previously existing
population of frugivores survived, and by observing that individuals belonging to the
population successfully completed reproductive and age transitions (from nonpregnant to
lactating female, from juvenile to adult). During a given period of the year, consumption
should rarely equal and never exceed demand, because: 1) at times, fruit may become
so scarce that starving occurs within the population of frugivores. When this happens,
consumption is below the vital needs of the population and demand is not completely
satisfied (demand exceeds consumption); and 2) demand has an “inflated” component
owing to inefficiencies in the foraging of individual frugivores. For example, juveniles
and subadults, owing to their inexperience, probably are the least efficient foragers
within a population, and thus may demand that an abundant supply of fruit exists, of
which they will consume only a small fraction, to be successful in locating meals often
enough to survive. The third term needing clarification is “supply”, here defined as
the size of the fruit-crop available to a population of frugivores within its home range
during a given period. Whenever demand exceeds supply, competition for fruit can
be expected to occur among frugivores, and whenever supply exceeds consumption,
competition for seed dispersal by frugivores can be expected to occur among plants. If
plant-frugivore interactions were the only factor affecting demand, consumption, and
supply, populations of frugivores should be selected to adjust both their demand and
consumption to supply, and plant populations should be selected to adjust their supply
to consumption.

Bonferroni-corrected

Data sets compared Sample sizes (n) r

p-value*
. . <3.7 x 10"
Carollia 1982 vs. Carollia 1983 309 vs. 368 0.92
_ _ ) <2.5x 107
Carollia 1982 vs. Carollia multiyear 309 vs. 253 0.91
. <8.6 x 10"
Carollia 1983 vs. Carollia multiyear' 368 vs. 253 0.90
L <8.5x%x10?%
Carollia 1979-2007 vs. Sturnirini? 930 vs. 285 0.94
_ o <2.6x102
Carollia 1979-2007 vs. Stenodermatini? 930 vs. 554 0.92
) <43 x 102
Carollia 1979-2007 vs. Stenodermatinae* 930 vs. 839 0.94
. <12x10%
Sturnirini? vs. Stenodermatini’ 285 vs. 554 0.95

*All correlations highly significant. 'Data obtained during 1979-1981 + 1984-2007. 2Sturnira bidens, S. bogotensis,
S. erythromos, and S. ludovici combined (1979-2007). *Artibeus lituratus, Dermanura bogotensis, Enchisthenes hartii,
and Platyrrhinus umbratus combined (1979-2007). *Sturnirini and Stenodermatini combined. For each data set, all
breeding and age categories are considered collectively. See Methods for further explanation.

Ignorance of the specific metabolic requirements and foraging efficiencies of individuals
belonging to each breeding category and age class precludes a quantitative estimate of the
seasonal fluctuations in the amount of food demanded and consumed by the bat populations
studied as a function of their phenologies. However, information available on insectivorous
bats and other mammals (e. g. Migula 1969; Studier et al. 1973; Kunz 1974; Randolph
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et al. 1977; Racey and Speakman 1987; Heesen et al. 2013), that can be generalized to
frugivorous bats, suggests that there are three critical groups:

A) Females with advanced pregnancies. Rapid growth of the fetus during late pregnancy
can be expected to impose an important metabolic burden on these females. Moreover,
considerable enlargement of the abdomen and increased body mass noticeably hinder their
flight, suggesting that locomotion in these females is especially costly in energetic terms.

B) Lactating females. Unlike the former, these females are not obligated to carry their
progeny with them permanently. However, because of the larger size and higher rate of
absolute growth of newborn offspring, which increases energetic and nutritional requirements,
and because translocation of energy and nutrients from mother to offspring through milk
is less efficient than translocation through the placenta, lactating females should be the
individuals supporting the highest metabolic burden.

O) Juveniles and subadults. They must attain adulthood leading an independent life. This
should not imply a markedly different metabolic burden, especially energetic, with respect
to adults. However, juveniles and subadults are inexperienced and can be expected to be
less efficient foragers. To survive, they need a noncompetitive environment supplying easy
to find, abundant food. Teaching and continued feeding by the mother, as reported for some
bats (Kunz 1974; Schmidt and Manske 1973; Brigham and Brigham 1989), may ameliorate
the necessity of easily obtained food.

Ultimate factors: inferences based on the preceding assumptions. With the previous
definitions in mind, and recognizing females with advanced pregnancies, lactating females,
and juveniles and subadults as critical groups, it becomes clear that marked fluctuations in
both demand and consumption occur during the breeding season as a consequence of the
female-breeding and age structure phenologies (Fig. 3, Table A1), and potential to double
initial population size (assuming that females are 50% of the population, and that each
female produces one young twice a year), of the bat populations studied. Such fluctuations
in demand and consumption during a successfully completed breeding season can be
inferred to be the outcome of the following three main components:

A) Two peaks of demand, and two of consumption, resulting from the two peaks of
abundance exhibited by the combination of females either showing advanced pregnancies
or nursing their offspring.

B) Two peaks of inexperience-induced demand originating in the two peaks of abundance
exhibited by the combination of juveniles and subadults (the second of these peaks partly
extends beyond the breeding season, butits most intense portion occurs within its boundaries).

C) Two successive increases, in a stepwise fashion, in both demand and consumption
caused by the two pulses of population growth.

Because the relative contribution of each of these three components cannot be
quantified at present, the shape of the fluctuations in demand and consumption
during the breeding season cannot be characterized with precision. However, it can
be predicted that successfully completed breeding seasons, as those recorded in the
present study, will generate demand and consumption curves showing some degree of
bimodality owing to components “A” and “B”, and a net growth owing to component
“C”. ltis clear that the demand curve cannot grow in this manner if the supply curve
does not equal or exceed demand during the breeding season. Support for this notion
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of a coupling of demand to supply comes from the consumption curve, for its inferable
bimodality and growth during successful breeding seasons implies that, in general, supply
was at least sufficient to satisfy demand. Therefore, it can be concluded that the breeding
seasons that occurred during the study (Fig. 3, Table A1) were also seasons of a relatively
plentiful supply of food.

The results may also be interpreted as indicating that the season of short supply of food
for the bat populations begins toward the last half of the second wet season. Evidence
that may imply this includes:1) termination of breeding during the first half of the second
wet season. This may be viewed as a demand-reducing strategy that would be adaptively
meaningless unless supply has plummeted, or is to plummet soon and predictably, to
well below the level of the demand exerted by bat populations; and 2) the diminished
intensity of the second annual birth-pulse with respect to the first annual birth-pulse (Fig.
3). This diminishment may have a component due to recruitment into the adult age
class of females born during the first annual birth-pulse of the same year, for which what
remains of the breeding season is insufficient to breed. However, the diminishment is
so marked that it cannot be fully explained by such recruitment. Therefore, it must also
include another component due to females born in the preceding years skipping the
second annual pregnancy more often than the first. This propensity of females to omit the
second annual pregnancy is probably caused by the proximity of a seasonal short supply
of food implying, as reported for other frugivorous mammals (e. g. Charles-Dominique et
al. 1981), reduced survival probabilities for offspring born late in the breeding season.
Four conclusions emerge from the preceding discussion:

First, marked seasonal fluctuations occur both in the demand exerted by the populations
of frugivorous bats studied, and in the supply made available to such populations by food
plants. These fluctuations cause supply to exceed consumption and demand during the
breeding season, and demand to exceed supply during the nonbreeding season. When
supply exceeds demand, competition for the seed-dispersal services provided by the bats
should occur within and among the plant populations, with the bats wasting fruit and the
plants wasting seeds. When demand exceeds supply, competition for fruit should occur
within and among the bat populations, with the bats wasting individuals and the plants
wasting seed dispersers. Therefore, the efficiency of the bat-plant mutualism suffers a
reduction.

Second, the seasonal fluctuations in demand and supply implicate the presence of one
or more distorting factors which, although extrinsic to bat-plant interactions, do affect the
seasonal component of these interactions, for in the absence of such factors the evolutionary
tendency of demand and consumption to adjust to supply, and of supply to adjust to
consumption, would maximize the efficiency of the bat-plant mutualism by suppressing
seasonal fluctuations of demand, supply, and consumption.

Third, hypothetically, extrinsic factors distorting bat-plant interactions could act upon
the bats (in which case the seasonality of supply would have evolved in response to the
seasonality of consumption), or upon the plants (in which case the seasonality of demand
would have evolved in response to the seasonality of supply). Evidence supporting the first
alternative is lacking. On the contrary, because a good number of both observational (e.
g. Daubenmire 1972; Alexandre 1980; Opler et al. 1980; Foster 1982; Koptur et al. 1988)
and manipulative (e. g. Opler et al. 1976; Augspurger 1982; Garwood 1982; Borchert 1983,
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1994) studies have concluded that the rainfall markedly affects the phenology of tropical
forest plants, the most plausible option is to propose that the extrinsic factor distorting bat-
plant interactions, and thus causing bimodal polyestry, is the average seasonal regime of
rainfall, and that it affects such interactions by acting upon the plants.

Fourth, assuming that the seasonal peaks of supply track rainfall, seasonal breeding,
with peaks of demand coinciding with peaks of supply, has a clear adaptive value
for populations of frugivorous phyllostomids (coincidentally, it also benefits plant
populations). Therefore, analogously to other authors (e. g. Fleming et al. 1972; Wilson
1979; Thomas and Marshall 1984; Dinerstein 1986), albeit more explicitly, we conclude
that seasonal fluctuations in the availability of fruit, resulting from the seasonality of
rainfall, appear to be the main selective force, or ultimate factor, that has led to the
seasonal breeding pattern observed in frugivorous phyllostomid bats.

Another point needing discussion concerns the bimodality of bat breeding. Because
the rainfall regime and annual temperature cycle of the study area are also bimodal
(Fig. 1), it would be tempting to look for an ultimate or proximate cause-and-effect
relationship (Mello et al. 2004, 2009). However, the observation that frugivorous
phyllostomids inhabiting regions with unimodal rainfall also exhibit bimodal polyestry
(e. g. LaVal and Fitch 1977; Bonaccorso 1979) suggests that there are other factors,
common to unimodal and bimodal rainfall regimes, that alone are capable of inducing
and maintaining bimodal polyestry. For example, giving birth a first time early and a
second time late in the season of relatively plentiful supply, thus generating the two
synchronous birth-pulses characteristic of bimodal polyestry, is perhaps the only way in
which a majority of the females could accommodate two parturitions within the span of
this season.

Proximate factors: questions. There are two ways in which a biological cycle synchronous
with an environmental cycle could have arisen: a) endogenously, as a response to some
physiological oscillator, internal to the organisms, whose period is synchronized with the
period in the environment by means of an entraining time cue; or b) exogenously, as a direct
response to some cyclic change in the environment (e. g. Brady 1979). Therefore, two broad
questions may be posed concerning proximate factors. First, do the annual breeding cycles
observed possess an endogenous component? Second, which is the environmental factor
(either an entraining time cue, or a cyclic change with a direct effect) responsible for the
onset and synchrony of each annual cycle? An exploration of these questions follows.

Arguments for an endogenous component. The low interannual variability and high degree
of intra- and interspecific synchrony in the seasonal breeding cycles that we observed (Fig.
3, Table A1) suggest an endogenous control, unless synchrony owes to a shared exogenous
factor lacking interannual variability (such as photoperiod). As emphasized by authors such
as Immelmann (1971) and Gwinner (1975), the rigorous demonstration of an endogenous
component in an annual cycle would require: a) removing a sample of the relevant organisms
out of their natural environment; b) depriving these organisms of seasonal information by
holding them under artificial constant conditions; and ¢) demonstrating the persistence
of a circannual cycle, similar to the natural one, but with a periodicity shorter or longer
than the natural one (if a circannual cycle has a period indistinguishable from 12 months,
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the possibility of an uncontrolled cyclic variable having affected the outcome cannot be
conclusively excluded). To our knowledge, nobody has deliberately attempted to establish
whether there is an endogenous component in the breeding seasonality of frugivorous
phyllostomids by applying this procedure, though experiments in captivity have led to
conclude that a nectarivorous phyllostomid, Anoura geoffroyi, does possess an endogenous
component in its seasonally monoestrous breeding cycle (Heideman et al. 1992; Heideman
and Bronson 1994). Nevertheless, four studies (Kleiman and Davis 1979; Kiirten 1983; Porter
1979; Bonilla and Turriago 1986) contain information, relevant to frugivorous phyllostomids,
concerning the periodicity of breeding in captive colonies of Carollia perspicillata maintained
under artificial year-round uniform conditions (Table 3).

— " = ) - @ o Table 3. Breeding in
5 g > 83 £ 2 vz 25 S g f t jon
o2 Sz £zc 5 g = . 5= S ¢ g our captive colonies
-2 z 9 2§ g g =g 5 £ 5 g2 2 of Carolli icillat
B3 =2 o EE 9] g Ry ) c = 3 of Carollia perspicillata
o° £ Ll 2 5 < 2 S 2 s e “ maintained under
= = OE i & g K .
- year-round uniform
. . 12 h conditions.
Canal Zone Saint Louis, light P .
Panamé 1099 MO, USA 12h 2328°C  60-90% Arificial g, Bimodal
o . 6443 (39°N, constant® polyestry®
(9°N, 79°W) 5 dark
90°W) .
inverted
. 12 h
Trinidad, 1199 \S/ésﬁgiton/ light Artificial Three
West Indies 6 33¥ (39‘,’N 12 h 27-31°C  50-80% constant; 1 year consecutive 2 aDiluted fruit—pulp
(T0°N, 61°W) 77°W)/ dark birth-pulses mixed with  protein,
inverted minerals, and vitamins;
12 h bthe birth-pulses were
Guanacaste, - Bonn, light e . well-synchronized
Costa Rica 1; 5’;2; Germany 12 h 25°C 80% ?(;:fslg:tl; 1 year B;thj{i] b 3,4 and at same time as
(10°N, 85°W) (51°N, 7°F)  dark polyestry in the original wild
inverted populations. '"Porter
) (1978, 1979); *Kleiman
Villavicencio, 1500 Bogot3, ]95hhllght Artificial Bimodal angl Davis (1979);
Colombia 3 @g Colombia dark 18-22°C 55-75% o0 2 years olvestryb *Kiirten  (1983); ‘Laska
(4°N, 73°W) @N, 740W) polyestry (1990);  *Bonilla and

Turriago (1986).

The overall maintenance conditions of the four colonies were similar, and would appear
unlikely to lead to divergent outcomes. The most tangible differences among the four

studies involve the founder populations originating the colonies, which inhabit mutually
distant areas, and the latitudes at which the colonies were maintained, which comprise
a remarkably wide range. Results of two kinds were obtained: a) bimodal polyestry, with
its characteristic nonbreeding phase intervening between pairs of birth-pulses, during six
years of observations (Porter 1979; Kirten 1983; Bonilla and Turriago 1986); and b) three

consecutive birth-pulses, with absence of a nonbreeding phase owing to most females giving

birth thrice, during one year of observations (Kleiman and Davis 1979).
Because only Porter’s (1979) information suggests a circannual breeding cycle with a

period slightly differing from 12 months, and because even in this study such a trend was not
sufficiently clear, it cannot be conclusively established whether an endogenous component
was involved in the breeding of any of the colonies. Nevertheless, the most plausible
explanation for the occurrence of bimodal polyestry in three of the colonies (Bonilla and
Turriago 1986; Kiirten 1983; Porter 1979) involves the contribution of some endogenous
mechanism (as also suggested for a captive colony of Artibeus jamaicensis, see Keast Taft
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and Handley 1991), because an explanation directly involving exogenous time cues would
require intervention of some environmental factor of a subtle and uncontrolled nature,
such as an annual geophysical cycle or the seasonality of barometric pressure, unavoidably
penetrating captive conditions and capable of initiating and synchronizing the circannual
breeding cycles. This seems unlikely owing to four reasons. First, the geographical separation
between the original wild populations and the Saint Louis and Bonn colonies is considerable
(Table 3), requiring the hypothesized environmental factor to act similarly in such mutually
distant regions as tropical America, temperate North America, and Europe. Second, if the
environmental factor penetrated the captive conditions and led to bimodal polyestry in the
Saint Louis and Bonn colonies (Kirten 1983; Porter 1979), it would be difficult to explain
why it failed to do the same to the Washington colony (Kleiman and Davis 1979), which is
intermediate in latitude (Table 3). Third, the synchrony initially observed in the Bonn colony
(Kiirten 1983) faded after four years (Laska 1990; for a similar result involving a captive
colony of Artibeus jamaicensis, see Keast Taft and Handley 1991), so the environmental factor
should also have faded. Fourth, if we assume, as we argue below, that food supply acts as
the environmental regulator of the annual breeding cycles of frugivorous phyllostomids, the
instances of bimodal poyestry observed in captive C. perspicillata occurred without cyclic
fluctuations in such regulator. Therefore, based on this evidence, it would seem that there
is at least some degree of endogenous predetermination in the annual breeding cycles of
frugivorous phyllostomids.

On the other hand, assuming that the presence of a third annual birth-pulse in the
Washington colony was not an artifact created by captive conditions, the Trinidadian
population of C. perspicillata originating this colony could be aseasonally polyestrus, as
proposed for frugivorous phyllostomids in some localities (Estrada and Coates-Estrada 2001;
Montiel et al. 2011), or the annual breeding cycle of this population might owe to a differently
timed endogenous component.

Arguments against an endogenous component. Frugivorous and insectivorous phyllostomids,
and frugivorous pteropids, are known to have a postpartum oestrus (e. g. Ramakrishna 1947;
Fleming 1971; Laska 1990; Kofron 1997, 2007a, b; Dechmann et al. 2005), and delayed
development of the fetus (e. g. Bradshaw 1962; Fleming 1971; Burns and Easley 1977;
Heideman 1989b; Kofron 1997, 2007a, b; Badwaik and Rasweiler 2001; Meenakumari and
Krishna 2005). Accordingly, a possible and most general explanation for the regulation of
the annual breeding cycles of frugivorous phyllostomids (and pteropids) would involve a
complete absence of an endogenous component (and therefore no need of an entraining
time cue), with reproductively mature females being pregnant all year round. As a direct
physiological response to limiting energetic and nutritional budgets, during the food shortage
season females would carry barely developed fetuses (thus not showing externally evident
pregnancies) implying a minimal metabolic burden. As a direct physiological response of a
highly favorable energetic and nutritional budget, during the food abundance season females
would carry quickly growing fetuses (thus showing externally evident pregnancies) implying
a high metabolic burden. This process would result in a majority of mature females showing
externally evident pregnancies during certain parts of the year, generating the patterns that
have been described as bimodal polyestry, seasonal polyestry, or aseasonal polyestry when
the fruiting season is long (e. g. Wilson 1979; Estrada and Coates-Estrada 2001; Montiel et al.
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2011; this study), or seasonal monoestry when the fruiting season is short (e .g. Stoner 2001;
Duarte and Talamoni 2010). In this context, the remarkably high interspecific synchrony
and low interannual variability in the annual breeding cycles of nine sympatric species of
frugivorous phyllostomids in cloud forests of the Venezuelan Andes (Fig. 2; Table A1) would
be a simple and direct consequence of similar fruiting phenologies, both within and among
years, of all bat species specific, or bat guild specific, food plant assemblages involved.
Likewise, absence of interspecific synchrony in the annual breeding cycles of sympatric
species of frugivorous phyllostomids reported in other studies (e. g. Estrada and Coates-
Estrada 2001; Montiel et al. 2011) would reflect intra-annual differences in the fruiting
phenologies of the food plant assemblages involved.

Nature of time cues. Here, we discuss the possible nature of the exogenous time cues of the
annual breeding cycles of frugivorous phyllostomids mainly under the hypothesis that such
cycles possess some degree of endogenous predetermination.

At a given latitude, potential entraining time cues belong to two fundamental types: those
with a fixed seasonal schedule and lacking local variability, typified by photoperiod; and
those showing interannual and local variability, such as rainfall, temperature, and fruiting
phenology. There are two natural situations that would lead to discard potential entraining
time cues of the first type. These are:

A) One or more pairs of populations of the same species living so close geographically that
latitude and genetic factors do not differ significantly between them, yet start their breeding
seasons at different times of the year. This situation was exemplified by Fleming et al. (1972),
who reported frugivorous phyllostomids (Carollia perspicillata, Artibeus jamaicensis) from
two localities in the Panama Canal Zone to initiate their breeding season about one month
later than conspecifics from a Costa Rican locality. Fleming et al. (1972) argued that the
breeding seasons correlated better with the rainfall regimes, locally variable, than with
photoperiod, almost identical in the three localities, and therefore proposed rainfall as the
proximate factor, or entraining time cue, for these cycles.

B) Breeding seasons showing interannual variation in their seasonal schedule in a single
locality, either relatively, i. e., sequential order in which several species initiate breeding, or
absolutely, i. e., exact time of the year in which a given species initiates breeding. Our study
is relevant to this situation, but does not exemplify it because we did not detect differences
among years (Table 2). Therefore, our results would be consistent with photoperiod, or any
other variable with a fixed seasonal schedule at our latitude, being potential entraining time
cues, a possibility that is negated by the findings of Fleming et al. (1972). We should note
that, owing to its highly reduced oscillations at low latitudes, photoperiod is thought to be
unimportant as an entraining time cue in the annual cycles of tropical animals (Immelmann
1971). Moreover, it has been concluded that seasonal breeding in Anoura geoffroyi, a
nectarivorous phyllostomid, is not affected by photoperiod (Heideman et al. 1992; Heideman
and Bronson 1994). On the other hand, our finding of a low interannual variability in the
seasonal schedule of breeding (Table 2) in spite of a marked interannual variation in the
rainfall pattern (Figs. 1 and 2) is not consistent with rainfall being a potential entraining time
cue, as proposed by Fleming et al. (1972).

Based on the above reasoning, we disregard photoperiod, or any other variable with a
similar fixed seasonal schedule, and rainfall, or anything dependent on it in a direct and
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simple manner, as potential entraining time cues. Thus, potential entraining time cues left
to consider are seasonal fluctuations in temperature, as proposed by Mello et al. (2004,
2009) for neotropical bats, and availability of fruit, as proposed by Heideman (1988) for
paleotropical frugivorous bats. We also disregard the possibility of temperature being a
potential entraining time cue on the following grounds: 1) interannual variability in the
monthly pattern of temperature fluctuations is just as large, proportionally, as in the case
of rainfall (Fig. 1), and this did not translate into differences that we could detect among
breeding seasons of different years (Table 2); 2) in general, temperature is thought to be
unimportant as an entraining time cue in the annual cycles of homeotherms, including those
inhabiting temperate zones (Gwinner 1975; Brady 1979), in which maximum and minimum
average monthly temperature differs much more than in the tropics (in our study area this
difference reaches only 2° C; Figure 1) ; 3) in major mountain ranges, such as the Venezuelan
Andes, foraging along a sharp altitudinal gradient or shifting refuges at various elevations by
the bats would disrupt the physiologically perceived seasonal change of temperature, with
unpredictable effects on reproductive synchronization; and 4) because cave temperatures
often are comparatively stable, cave-dwelling frugivorous bats might have a reduced
opportunity to depend on monthly oscillations in temperature as an entraining time cue for
their annual breeding cycles.

On the other hand, seasonal fluctuations in the availability of fruit, the only variable
left in our list, would seem to have good potential to act as the entraining time cue that we
are trying to identify owing to four reasons. First, throughout the tropics, frugivorous bats
generally concentrate breeding in the months during which, in the average year, rainfall
tends to be more intense (e. g. Bonaccorso 1979; Thomas and Marshall 1984; Dinerstein
1986; Heideman 1988; Kofron 1997; Bumrungsri et al. 2007; Duarte and Talamoni 2010;
Durant et al. 2013), this being an indication of the entraining time cue being related to
rainfall, though, as we have said, not in a direct or simple manner. Second, plant phenology,
including fruiting phenology, is well-known to respond to the seasonality of rainfall with
an attenuated monthly and interannual variation owing to rainwater stored in the subsoil
and in plant structural components buffering such seasonality (Borchert 1994; Bohlman
et al. 1995; Meinzer et al. 1999). Third, there can be no doubt that fruiting phenology
is capable of affecting directly and strongly the populations of frugivorous bats. Fourth,
seasonal fluctuation in the availability of fruit has been proposed to act as the entraining
time cue for other tropical frugivorous vertebrates (Ward 1969; Fogden 1972; Jones and
Ward 1976; Snow 1976; Worthington 1982; Heideman 1988). Therefore, we conclude
that the seasonality of fruit production is likely to be the environmental factor modulating the
annual breeding cycles of frugivorous phyllostomid bats, irrespective of whether it does so
indirectly as a time cue entraining endogenous rhythms (under the assumption that breeding
cycles do possess an endogenous component), or directly as a limiting environmental factor
seasonally allowing or impeding bat breeding and population growth (under the assumption
that breeding cycles do not possess an endogenous component).
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Appendix 1

Appendix: detailed data on female breeding and age structure phenologies

This appendix provides separate counts for each bat species included in the study, separate
counts for females with medium and advanced pregnancies, and counts of females that
were detected to be simultaneously pregnant and lactating/postlactating. These counts can
be used for verification of our statistical tests, for further statistical analyses, for integration
with data from other studies, or as a source of information on the breeding seasonality in
particular bat species.

Table A1. Numbers of adult females in five reproductive categories and numbers of
individuals in three age categories for nine species of frugivorous bats from cloud
forests in the Venezuelan Andes. Data were obtained from 1979 through 2007, and
are grouped in 1.5-month intervals. AF = adult females. MP = females with medium
pregnancies (abdomen moderately distended and rounded owing to the presence of a
smaller fetus). AP = females with advanced pregnancies (abdomen markedly distended
and irregularly shaped owing to the presence of a larger fetus). LC = lactating females.
PL = postlactating females. AD = adults. SA = subadults. JV = juveniles.

Bat species  AF MP AP LC PL AD SA VvV AF MP AP LC PL AD SAJV

15 January-28 February 1 March-15 April
Carollia brevicauda 48 21 6 0 0 79 0 0 64 5 19 21 2 105 0 0
Sturnira bidens 6 6 0 0 0 8 0 0 2 1 0 1 0 3 0 0
Sturnira bogotensis 7 4 0 0 0 13 0 0 0 0 0 0 0 1 0 0
Sturnira erythromos 6 3 3 0 0 14 0 0 1 0 0 1 0 4 0 1
Sturnira ludovici 5 1 1 0 0 7 0 0 3 2 1 0 0 5 0 0
Artibeus lituratus 3 1 2 0 0 10 0 0 4 0 2 2 0 11 0 0
Dermanura bogotensis 6 4 0 0 0 9 0 0 8 1 6 1 0 20 0 0
Enchisthenes hartii 1 1 0 0 0 4 0 0 1 0 0 1 0 10 0 0
Platyrrhinus umbratus 5 4 0 0 0 22 0 0 18 0 2 8 0 33 0 0
TOTAL 87 45 12 0 0 166 0 0 101 9 30 35 2 192 0 1
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Bat species  AF MP AP LC PL AD SAJV AF MP AP LC PL AD SA JV

16 April-31 May 1 June-15 July
Carollia brevicauda 50 6 3 26 7 81 18 50 23 5 5 6 0 45 20 10
Sturnira bidens 0 0 0 0 0 0 0 0 2 0 0 0 0 2 2 1
Sturnira bogotensis 2 0 0 2 0 2 0 0 1 1 0 0 0 1 1 1
Sturnira erythromos 9 4 0 2 1 14 2 4 7 3 0 1 0 10 0 0
Sturnira ludovici 3 0 0 1 0 6 0 2 2 0 2 0 0 4 1 0
Artibeus lituratus 6 1 0 5 0 15 0 3 1 0 0 1 0 11 2 0
Dermanura bogotensis 5 2 1 1 3 11 0 0 9 2 1 1 5 21 4 0
Enchisthenes hartii 2 0 1 0 1 4 0 0 4 1 0 0 2 7 1 0
Platyrrhinus umbratus 6 3 0 2 3 24 1 8 8 2 0 2 2 19 4 0
TOTAL 83 16 5 39 15 157 21 67 57 14 8 11 9 120 35 12
16 July—31 August 1 September—15 October
Carollia brevicauda 66 9 4 25 0 103 9 2 69 1 2 9 17 114 28 24
Sturnira bidens 5 1 1 0 0 5 0 0 5 0 0 0 0 5 2 0
Sturnira bogotensis 3 0 0 2 1 4 0 0 1 0 0 0 0 4 0 0
Sturnira erythromos 8 0 0 0 0 13 0 0 8 0 0 1 0 15 5 0
Sturnira ludovici 4 1 0 0 1 5 0 0 5 0 0 1 3 7 0 0
Artibeus lituratus 1 0 0 0 0 3 0 0 1 0 0 1 0 1 0 1
Dermanura bogotensis 11 1 1 2 0 23 3 1 15 1 0 4 3 23 2 0
Enchisthenes hartii 1 0 0 0 0 1 1 0 6 0 0 0 0 11 0 0
Platyrrhinus umbratus 22 0 0 3 4 46 5 0 14 0 0 0 2 28 6 1
TOTAL 121 12 6 32 6 203 18 3 124 2 2 16 25 208 43 26
16 October-30 November 1 December—14 January
Carollia brevicauda 74 0 1 2 23 104 31 7 36 2 0 0 2 87 13 0
Sturnira bidens 7 0 0 0 0 7 3 0 6 1 0 0 0 6 0 0
Sturnira bogotensis 0 0 0 0 0 1 2 0 2 0 0 0 0 10 0 0
Sturnira erythromos 15 0 0 1 0 27 3 1 14 0 0 0 1 27 1 0
Sturnira ludovici 3 0 0 0 2 4 4 1 5 0 0 0 1 11 3 0
Artibeus lituratus 1 0 0 0 0 3 0 1 1 0 0 0 1 3 0 0
Dermanura bogotensis 9 0 0 2 3 15 2 3 9 0 0 0 2 26 5 0
Enchisthenes hartii 5 0 0 0 0 7 0 0 2 0 0 0 0 11 0 0
Platyrrhinus umbratus 16 0 2 0 1 23 6 3 21 1 0 0 3 34 2 0
TOTAL 130 0 3 5 29 191 51 16 96 4 0 0 10 215 24 0

Simultaneously pregnant (medium pregnancy) and lactating females detected in samples were: C. brevicauda, 2 (1 June-
15 July); S. erythromos, 1 (16 April-31 May); A. lituratus, 1 (16 April-31 May); and P. umbratus, 1(16 April-31 May).
Simultaneously pregnant (medium pregnancy) and postlactating females detected in samples were: C. brevicauda, 2 (16
April-31 May); D. bogotensis, 2 (16 April-31 May); E. hartii, 1 (1 June-15 July); and P. umbratus, 3 (1 in 16 April-31 May,
2in 1 June-15 July).
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