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ABSTRACT

Most species of mammals live in the tropics, and many breed scasonally, but little is known about the regulation of their
seasonal cycles. Males of a tropical bat, Anowura geoffroyt (Order Chiroptera, Family Phyllostomidae ), from 10° fatitude in Trin-
idad, were studied to test the role of photoperiod in regulating seasonal reproduction in the deep tropics. Groups of males were
subjected to five treatments: 1) constant photoperiod; 2) a 12-mo cycle of civil twilight photoperiods mimicking those occurring
at 10° Jatitude; 3) civil twilight photoperiods of 10° latitude, but accelerated to a 9-mo cycle; 4) civil twilight photoperiods
characteristic of 30° latitude, but accelerated to a 9-mo cycle; and 5) constant photoperiod, but with the timing of dark onset
varied to match the timing of darkness at 10° latitude, and accelerated to a 9-mo cycle. In all treatments, the first cycle of testis
growth and regression matched that expected in the wild population, as reported previously for some of these groups. Subsc-
quently, the testis cycle of bats in constant conditions free-ran for 20 mo with a peak-to-peak period of 7.3 + 0.3 mo Period
lengths in the four nonconstant groups, 7.2—7 7 mo, were not significantly different from that under constant conditions. Bats
failed to entrain to any photoperiod cycle, including those mimicking changes at 10° or 30° latitude. They also failed to entrain
to the cycle in which day length was held constant while time of sunset was varied, as occurs at the equator. This study provides
the first evidence for deep tropical mammals of a truly seasonal and endogenous reproductive rhythm that is not regulated by
photoperiod. By extension, these results imply that effective scasonal timing can be achieved in the deep tropics by use of a

nonphotoperiodic predictive cue

INTRODUCTION

Most species of mammals live in the tropics [1], and many
breed seasonally (e.g., [2-6]), but little is known about the
regulation and maintenance of their seasonal cycles. As in
the temperate zone, the ultimate cause of most seasonal
reproduction in the tropics is probably seasonal change in
food availability. Mammals typically match peaks in food
availability with lactation and/or late pregnancy because
maternal energy and nutritional demands peak in lactation
or late pregnancy. Food availability is determined mostly
by the annual temperature cycle in the temperate zone, but
by seasonal rainfall in the tropics. Mammals in seasonal en-
vironments have evolved two general strategies of repro-
ductive timing. In some mammals, reproduction is oppor-
wnistic, depending upon immediate climatic and nutritional
conditions [6]. Because good conditions are transient, this
strategy is effective only for species that can produce off-
spring rapidly and therefore can complete lactation before
the end of optimum conditions. Seasonally breeding spe-
cies with a long gestation cannot use an opportunistic strat-
egy, since the long delay between copulation and birth would
cause them consistently to miss the optimum periods for
the most difficult parts of their reproductive cycle The
proximate cause of reproduction in these species is usually
an environmental cue that is a predictor of good condi-
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tions. The predictive cue used by most seasonally breeding
mammals in the temperate zone is photoperiod [7}

Our knowledge of the ways in which photoperiod reg-
ulates seasonal cycles in temperate zone mammals is prob-
ably incomplete (for review see [8]), but we know that pho-
toperiod can be used in at least two ways. First, photoperiod
can be used to turn on or turn off a breeding season, but
apparently not both. This strategy is seen in the Syrian ham-
ster [9,10] and probably many other shorterdived mam-
mals. Second, photoperiod can entrain an endogenously
generated circannual rhythm of reproduction, as it does in
sheep [11, 12] and probably many other longer-lived mam-
mals (reviewed by [13])

The amplitude of the annual change in day length de-
clines as latitude decreases, to a constant day length on the
equator. The question of how deeply into the tropics pho-
toperiod can enforce seasonal breeding has not been an-
swered (see [14]), but it obviously could not operate at ot
close to the equator It is known only that some tropical
mammals can respond reproductively to changes in pho-
toperiod [15-20], and some cannot (6, 21-24]. The extent
to which the reproductively photoresponsive species ac-
tually use photoperiod to regulate their reproduction re-
mains an open question

The object of this study was to examine the seasonal re-
productive cycle of a deep tropical mammal, a nectar-feed-
ing bat (Anowura geoffroyi), and test it for responsiveness
to photoperiod. In a previous study, Heideman et al. [25]
described the natural cycle of this species in the wild and
asked whether the timing of the recrudescence phase of
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the annual testis cycle was sensitive to photoperiod; it was
not The present paper reports a continuation of that study
over a much longer period of time In this longer study we
established that an endogenously generated circannual
rhvthm underlies this species’ annual cycle, and we still found
no evidence that this rhythm is sensitive to regulation by
photoperiod, suggesting that a cue of a different narure must
be used as a seasonal synchronizer in the deep tropics

MATERIALS AND METHODS

Geoffroy’s hairy-legged, long-rongued bats, Anowra geof-
froyi (Family Phyllostomidae), were collected from Tamana
Cave (10°28'N, 61°12'E, 38616 km elevation) in central
Trinicad This species feeds on nectar, pollen, soft fruit, and
sofi-bodied insects [26--30} Anowra geoffroyi have rela-
tively large eves and presumably rely hmvdv on vision. They
are small (12—19 @), agile fliers and are capable of hovering
flight. The species ranges from central Mexico south across
the equator to Peru, Bolivia, and east-central Brazil [31]. At
Tamana Cave, A geoffroyi roost in Jarge groups in cham-
bers 15-30 meters from the cave entrances. In these roosts,
light intensity is below one lux (unpublished observations),
but light from the entrances is apparent, and the bats can
experience higher light intensities by circling near cave en-
trances at dusk and dawn [32]

Rainfall on central Trinidad is seasonal, with a dry season
typically from fanuary through April or May, and a wet sea-
son from June through December [25] Mean monthly tem-
perature varies only slightly, ranging from 24.6-26.6°C (Piarco
Meteorological Service, Trinidad) In the wild population
of A geoffroyi on Trinidad [25], testicular recrudescence
occurs at the end of the dry season in April and May, and
temales become pregnant during July and August, in mid
wet season. Testicular regression occurs in August and Sep-
temmber, with births at the end of the wet season in Novem-
ber Alld December, followed by approximately 2 mo of lac-
ration

Husbandry

Housing conditions in the laboratory have been de-
scribed by Heideman et al [25] and are briefly summarized
here Bats were individually marked and placed in groups
of 1113 in lightsealed, ventlated flight cages Fach cage
had a feeding area 87 cm long, 62 ¢m wide, and 55 cm
high, lighted during part of each day, and connected at one
end by an opening to a roosting area 30 cm long, 062 ¢m
wide, and 55 ¢m high, which received light only through
the opening to the flight area The bats were fed a diet
slightly modified [25] from a formula devised by Rasweiler
([33]; diet XI) for keeping bats of this family. The diet was
a mix of canned peach nectar, water, sucrose, nonfat and
whole milk powder high-protein baby cereal, wheat germ,
and supplements of essential oils, vitamins, and minerals.
The temperature was maintained at 30 + 1°C, and relative

humidity was maintained at 70 + 10%. Light was provided
by two 20-watt externally ballasted fluorescent bulbs, one
at the ceiling of each end of the feeding area The onset
and end of the light period in cach cage was controlled by
a Hunter timer (model 41001; Hunter Fan Co., Memphis,
TN) programmable to the minute, and accurate to within
one second per day.

All of the experimental photoperiod treatments to be listed
shortly were derived from the Astronomical Almanac [34].
Civil twilight photoperiods were chosen for this experi-
ment because there is evidence that mammals may inter-
pret the period of civil twilight just afier sunset and before
sunrise, during which light intensity is still high, as part of
the light period [35].

At 2-wk intervals throughout the studly, each bat was lightly
anesthetized with methoxyflurane (Pitman-Moore Inc,,
Mundelein, IL) and weighed, its scrotum was moistened,
and the greatest length and width of the right testis was
measured with calipers. Testicular volume was then esti-
mated by use of the formula for a prolate spheroid (=
[width]? x length *x 0523). External testis measurements
were significantly and highly correlated with measurements
and weights raken from excised testes ([25]; Heideman, un-
published data). Data on testis volume were not adjusted
for body weight because these two variables were not cor-
related significantdy (R* = 010, p > 0.05 at the start of the
study and R* = 009, p > 005 at the end of the study).
Because body weight varied relatively litde during the study,
data on body weights are not presented here.

A large group of bats was captured in October 1990 and

delegated to one of five treatments in which photoperiod
was varied A previous publication [25] prescntcd darta col-
lected in the Wlld and data from three of these five groups
between the time of capture and late July 1991, when con-
ditions were changed for all five experimental groups. At
that time, light intensity was decreased approximately 10-
fold, to 100-200 lux in the flight area and 1-100 lux in the
roosting area, for all treatment groups The new light in-
rensity within the roost area was still higher than that at the
roost sites occupied by Anowra at Tamana Cave (unpub-
lished observations), but light intensity in the flight area
approximated that at the cave entrances near sunrise and
sunset. The other changes made at this time are included
below in the descriptions of the treatments.

The change in treatments in late July 1991 was timed to
begin at or near peak tesiis size in all treatments in order
to provide a clear starting point for the data reported here.
Thus, the analyses in this paper use data from late July 1991
through March 1993, However, in the figures we include
the full data set, starting in November 1990, in order to
provide complete information on the prior history of the
bats and their photoperiod treatments

Experimenital Treatments
One group (“(‘ons‘tam Table 1) received a constant
photoperiod of L12 h:19 min:D11 h:41 min (annual mini-
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TABLE 1. Summary of photoperiod treatments from late July 1991
through March 1993 (for treatment details, see text of Methods).

Group Photoperiod Treatment

Constant photoperiod of 12 h, 13 min
12-month cycle mimicking natural cycle of civil twilight
photoperiods of 10° latitude

Constant
12-month 10°

9-month 10° Accelerated, 9-month cycle of civil twilight photoperiods
of 10° latitude
9-month 30° Accelerated, 9-month cycle of civil twilight photoperiods

of 30° latitude

9-month Sunset Time of lights off varied to match the end of civil twilight
at 10° north, with the annual cycle accelerated to 9
months; time of lights on a constant 12 h, 54 min after
onset of dark

mum of civil twilight photoperiod at latitude 10°) during
the 21-mo period from July 1991 to April 1993. The pho-
toperiod during the previous 8 mo had been a constant L12
h:54 min: D11 h:06 min. Reproductive data from this group
were analyzed for evidence of an endogenous rhythm ac-
cording to criteria described by Gwinner [13].

A second group (“12-Month 10°” Table 1) received two
12-mo cycles of natural change in photoperiod mimicking
the civil-twilight cycle at 10° of latitude (amplitude of 1 h
and 10 min). The photoperiod during the previous 8 mo
followed the same schedule, but light intensity was higher,
as described above We predicted that these bats would fol-
low a 12-mo reproductive cycle in phase with that of wild
bats if photoperiod entrained their reproductive cycle.

A third group (“9-Month 10°" Table 1) received over
two full cycles of change in photoperiod that mimicked the
amplitude of natural change in the civil-twilight cycle at 10°
of latitude while accelerating this cycle to 9 mo. During the
previous 8 mo, this group had received the same cycle
compressed to 6 mo [25] We predicted that these bats would
follow a 9-mo reproductive cycle out of phase with that of
wild bats if photoperiod entrained their reproductive cycle.

A fourth group (“9-Month 30°” Table 1) received over
two full cycles of change in photoperiod that mimicked the
amplitude of natural change in the civil-twilight cycle at 30°
of latitude (amplitude of 3 h and 52 min), while acceler-
ating this cycle to 9 mo During the previous 8 mo, this
group received a 12-mo cycle of natural photoperiod change,
following sunrise and sunset times for 10° latitude. As with
the previous group, we predicted that these bats would fol-

low a 9-mo reproductive cycle (out of phase with that of

wild bats) if photoperiod entrained their reproductive cycle.
Furthermore, reproductive timing in this group should dif-
fer from the 9-mo 10° group if these bats were sensitive (o
photoperiod, but were unable to respond to the lower am-
plitude of change in photoperiod of 10° latitude

The treatment to which the fifth group was exposed was

designed to test the importance of a phenomenon that oc-
curs at the equator, where photoperiod is constant
throughout the year, but the time of sunset and sunrise vary
seasonally (Fig. 1) Specifically, in this group (“9-Month
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FIG. 1. Photoperiod {dashed line) and annual variation in the time of

sunset at the equator (solid line).

Sunset,” Table 1), photoperiod was held constant at 12 h
S4 min, but the time of lights-off was varied to mimic the
natural cycle of the timing of sunset at 10° latitude, except
that the cycle was accelerated to 9 mo in duration. Light
onset always occurred 12 h 54 min after the lights were
urned off. During the previous 8 mo, this group had re-
ceived a cycle with a period of 6 mo in which the time of
lights-off varied as above, but the time of lights-on was held
constant. We predicted that the bats would entrain to the
new cycle if they were able to use the changing time of
sunset or sunrise to regulate their reproduction.

Data Analysis

Repeated-measures analysis of variance was used to test
for differences among the groups of bats held under con-
trolled photoperiods. One-way analyses of variance were
used to test for differences among groups at each sampling
point. Statistical significance was defined as probability val-
ues less than 0.05 Means are presented with their standard
errors.

The period of each cycle of testicular growth and regres-
sion was defined as the time between midpoints of suc-
cessive peaks. Peaks were defined as clusters of four or more
points (e g, 8 or more wk) during which testis volume was
significantly higher than during the flanking 8-wk (or longer)
periods, according to a Mann-Whitney U test with signifi-
cance defined as p < 005 The midpoint of a peak was
defined as the highest value of a running three-point mean
within the peak. Terminal plateaus were considered to be
peaks if they were at least 12 wk (6 testis measurements)
long. For cach bat, we calculated the mean length of its
periods These mean period lengths were used in an anal-
ysis of variance including all tive treatments. Scheffe con-
fidence intervals for the mean of each group were used to
compare the observed period length of testis cycles with
the period length of the experimental treatment or, for the
constant treatment, with 12 mo. Varying the way in which
peaks were defined or the probability value for statistical
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FIG. 2. Periods of large testes {black bars) for individuals in all five
treatments. Each bar comprises the period during which testis volume was
above the midpoint between the flanking peak and nadir of testis volume
The boxes at the top of the figure show the expected timing of large testes
in the wild [25). The dashed line represents the point at which photoperiod
treatments were changed at the beginning of this study. See text for ad-
ditional treatment details.

significance of a peak altered Tau values slighty, but did
not affect the conclusions of the study. Period lengths were
converted to months for presentation, each month defined
as 305 days.

Over the 2.5 yr of the study, several bats died under
anesthesia, three died of unexplained causes, and others
were removed as part of another study, leaving final group
sizes of 8-10 individuals per treatment In cach group, two
or three bats either produced ambiguous peaks or had no
pealks by our definition, in most cases because they had
small testes through all or most of the study, resulting in
less accurate testis measurements and poor resolution of
changes in testis size. These individuals were excluded from
the analysis. All the bats used were at or near a peak in July
1991, when this study began, and period lengths for cach
bat were measured from that initial peak

RESULTS

Endogenous Rhythm

Bats in the group housed in constant conditions dem-
onstrated cycles of testis size that averaged 73 + 0.3 mo
from peak to peak This period was significantly shorter than
12 mo (p < 001). The cycles of individuals within this group
lost synchrony with cach other over the course of the study;
some individuals reached peaks in testicular size while oth-
ers were at minima (Fig 2) In addition, there was a gradual
increase in testis size at both peaks and lows within cycles
(Figs 3 and 4).

Effects of Photoperiod Treatments on Reproductive Cycles

A repeated measures ANOVA showed no significant dif-
ferences in testis volume among treatments (7 = 0.10; p >
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FIG. 3. Mean testis volume in each treatment during the course of the
study The dashed line represents the point at which photoperiod treat-
ments were changed at the beginning of this study. The box at the top of
the figure shows the photoperiod treatments and histories for each group.
Standard errors have been omitted from the figure to improve readability;
they ranged from 1-6 mm? in 1991, when individual cycles were well syn-
chronized, to 1-10 mm? at the end of 1992 and in 1993, when individual
cycles were asynchronous. (Constant: open triangle, 12-Month 10°: solid
square, 9-Month 10°: open circle, 3-Month 30°: solid circle, 9-Month Sun-
set: open square; N = 6, 7, 6, 5, and 7, respectively; see text for treatment
details)

0.90), but there were significant changes in testis volume
over fime (F = 44.11; p < 00001), reflecting the gradual
increase in testis size in all treatments. The interaction term
between treatment and the repeated measure was signifi-
cant (F = 135; p < 0001), indicating that testis volume
changed in different ways among the different treatments
This was probably due to slight differences among groups
as they gradually lost synchrony in the timing of peaks and
to the small differences in mean testis size during the last
6 mo of the study (Fig. 3)

Mean period length ranged from 7.2-77 mo across
treatments (Fig 5), with no significant differences in period
length among treatments (F = 0.19; p > 0.90). The period
length of the 12-mo 10° treatment was significantly shorter
than 12 mo (p < 001), and that of the 9-mo 30° treatment
was significantly shorter than 9 mo (p << 001) In two groups,
the 9Month Sunset treatment group and the 9-Month 10°
treatment group, the respective 7 7-mo and 7 6-mo average
period lengths were only marginally significantly different
from the 9-mo periods of their photoperiod treatments (0.10
> p > 005 and p = 0.10, respectively) However, these
period lengths were also nearly identical to the bats™ free-
running rhythm under constant conditions (Fig 5).

DISCUSSION

Our results show that testis size in Anoura geoffroyi is
controlled in part by an endogenously generated circan-
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FIG. 4. Testis volume of two cycling individuals from each treatment
from January 1991 through March 1993 The points on the figures are run-
ning means of three adjacent measurements. The dashed lines represent

the point at which photoperiod treatments were changed at the beginning
of this study.

nual rhythm, as detined by Gwinner {13} The group of bats
housed under constant conditions exhibited almost three
full cycles of testicular regression and recrudescence in just
under (wo years Their mean period length, 73 mo, was
significantly shorter than 12 mo and cannot be accounted
for by any rhythmic change in the laboratory environment
Within treatments, individuals cycled independently of each
other (Figs 2-4), which indicates that the bats were not
entraining their cycle to some unknown and uncontrolled
cue in the laboratory. The free-running period under the
conditions of our study was shorter than those of most other
mammals examined (reviewed in [13]), but similar in length
o those of several species of ground squirrels [36-38]

All groups underwent a gradual increase in mean testis
size over time (Figs 2 and 4). This may represent a damp-
ening of rhythm characteristics with time, which is a com-
mon obscrvation in long-term studies on endogenous
rhythms (reviewed in [13]). However, our data suggest that
testis volume tended to be higher at both peaks and nadirs
in the last months of the study (see Fig 4) and that the
rhythms were not dampened In either case, it may be that
natural selection has favored a tendency to maintain repro-
ductive readiness in the sustained absence of seasonal en-
vironmental signals, while rhythms may or may not be su-
perimposed upon a higher baseline, as in this study

In the temperate zone, several species of bats are known
1o have circannual endogenous rhythms of weight or testis
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FIG. 5 Mean and standard error of period length in constant condi-

tions {Constant; N = 6}, varying photoperiod using civil twilight photope-
riods for 10° latitude on a 12-mo cycle {12-Month 10°; N = 7), varying pho-
toperiod using civil twilight photoperiods for 10° latitude on a 3-mo cycle
{(9-Month 10°; N = 6), varying photoperiod using civil twilight photoperiods
for 30° iatitude on a 9-mo cycle {3-Month 30°;, N = 5), and constant pho-
toperiod with varying onset of darkness (3-Month Sunset; N = 7)

size that are entrained by photoperiod {39, 40]. In bats from
the subtropics, the effects of photoperiod vary among spe-
cies Males of the primarily terperate and subtropical grey-
headed fruit bat Preropus poliocepbalus, collected at about
28°S latitude in Australia, are reproductively photorespon-
sive [15], but this is not true of males of a species from
lower temperate (0 mid-ropical latitudes, the little red flying
fox (Preropus scapuldatus), collected from the same region
[24] The presence of large pineal glands in many tropical
bats [41,42] suggests that elements of the photoperiod
transcluction pathway are functional at least through the pi-
neal gland, as has been shown for a rodent from the deep
tropics that is reproductively unresponsive to photoperiod
[22,23] In their laboratory colony of a tropical Molossid
bat, Hiussler et al. [43] noted periodic births, implying that
the bats might have an endogenous reproductive rhythm,
but they had no data on potential entraining cues There
are, to our knowledge, no previous studies on the regu-
lation ol endogenous rhythms in seasonally breeding mam-
mals from the deep tropics.

Overall, our results indicate that photoperiod does not
regulate the annual cycle of testicular growth and regres-
sion in A geoffroyt in the wild We showed previously [25]
that the recrudescence phase of the testis cycle could not
be accelerated by a 6-mo photoperiod cycle. The experi-
ments presented here have tested the potential role of pho-
toperiod much more thoroughly and over a much longer
period of time, and they allow several more conclusions
First, in the present study the photoperiod cycles were ac-
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celerated only to 9 mo, which is longer than the free-run-
ning period length in constant conditions. This eliminates
the possibility that the experimental cycles were 100 short
for entrainment. Second, the fatlure of bats 1o entrain o
two full cycles of photoperiod change eliminates the pos-
sibility that photoperiod might entrain an endogenous cir-
cannual rhythm of reproduction at only a single point in
their annual reproductive cycle (e.g, [11, 12]). Third, the
bats in the 9-mo 30° group failed to entrain even to a much
greater amplitude of photoperiod change, 3 h and 52 min,
than they experience in the wild. This suggests that A geof-
froyi may entirely lack the ability to respond reproductively
to photoperiod, as has been reported for the tropical cane
mouse {22, 23] Finally, full entrainment of mammals to a
photoperiod cycle can take several cycles if the treatment
beging out of phase with the original rhythm of the animal
[44] This possibility cannot apply to our 12-mo cycle of
change, which began in phase with the natural cycle, con-
tinuing the cycle of natural change described in Heideman
et al {25] Similarly, the three accelerated photoperiod
treatments were phased to match the cycle of the bars when
they entered the experiment in July. These bats all expe-
rienced declining photoperiods as their testes decreased in
size, just as they would have in the wild, bur failed to en-
train to the rhythm of the experimental photoperiod cycle

It is impossible to prove that photoperiod has absolutely
no affect on reproduction in male A geoffroye. Tt is possible
that there are minor, subtle effects of photoperiod on re-
production in this bat, and that the experimental conditions
(ad lib food, etc.) might block effects of photoperiod. How-
ever, because the phenomenon of reproductive photore-
sponsiveness is typically robust and demonstrable under a
wide range of conditions in the laboratory, even in species
from the higher tropics (see the many papers cited in
[7,8,13]), we argue that it is extremely unlikely that pho-
toperiod is an important regulatory cue for reproduction
in male A geoffroyr in the wild

In total, our results suggest that the endogenous repro-
ductive rhythm of this population may be entrained nor-
mally by an environmental cue other than photoperiod act-
ing at one particular tme of the year, in a manner similar
to the requirement in domestic sheep of shorter days at a
single time of year [11,12,45]. Our bats were collected in
October 1990, just after completing testicular regression [25].
Their first cycle of testicular growth and regression matched
the timing cxpected in the wild, including the period of
testicular quiescence between capture and May 1991 (Figs
2 and 3, and see [25]) However, subsequent cycles lacked
a long quiescent period, {ree-running instead with an av-
erage period of about 7.5 mo. This suggests that environ-
mental conditions during or just after the peak in testicular
development, which our bats experienced for the last time
in 1990, prior to capture, may set the subsequent time of
testicular recrudescence, approximately 8 mo later. If so,
then failure to receive the appropriate synchronizing cue

during subsequent cycles in the laboratory permitted testis
cycles o free-run at each individual's endogenous rhythm.

If photoperiod does not synchronize the reproductive
cycle of A geoffroyi, then what cue does serve this pur-
pose? One possible cue tested here and found to be inef-
fective is the annual cycle of the time of sunrise and sunset.
As noted earlier, the timing of sunrise and sunset varies
according to a biannual pattern on the equator, although
day length is constant (Fig. 1). The annual range in timing
is 31 min on the equator and 51 min at 10° latitude. The
mean period length in the treatment testing this cue in A.
geoffroyi (9-mo Sunset) was 7 7 mo, almost identical to pe-
riod lengths in the other treatments, suggesting that this is
not the factor of interest As suggested by Alibhai [46], plant
secondary compounds may entrain seasonal rhythms in the
tropics. This hypothesis is attractive because some plants
possess photoperiodicaily entrained seasonal clocks that are
accurate within 2-3° latitude of the equator [47, 48] The
plant compound 6-methoxybenzoxazolinone (6-MBOA) has
been shown to stimulate reproduction in some temperate
zone mammals [49, 50], but 6-MBOA has produced disap-
pointingly slight effects on reproduction in tropical mam-
mals (e g, [46,51]) Plant estrogens have been suggested to
affect seasonal reproduction in primates [52], but the only
evidence for their use as a seasonal cue is correlational.
Both rainfall and temperature might be used as predictive
cues, bur both have low signal-to-noise ratios in most trop-
ical environments, and hence make better proximare cues
for opportunists than for species that use predictors. Sea-
sonal changes in light intensity {53, 54] and in magnetic fields
[55] are potential cues for which we have no experimental
data on tropical species. A precise biological compass or
orientation system could be used to track the changing po-
sition of the setting or rising sun (or the plane of maximally
polarized light orthogonal to it), or their position relative
to magnetic north. These aspects of sun position vary sea-
sonally by 46 degrees of arc even on the equator. Although
these have the potential to be cues with high signal-to-noise
ratios, we know of no evidence that any animal actually uses
any of them as predictive cues.

Ultimately, the signal-to-noise ratio of potential seasonal
cues determines their precision, and hence their value as
predictors  Similarly, the sensitivity of regulatory physio-
logical pathways to seasonal cues determines the accuracy
of seasonal responses that animals can evolve Either in-
creased noise in a potential predictive cue or constraints
on the sensitivity of physiological pathways may result in
evolutionary pressures favoring responses to alternative
predictive cues and physiological pathways. It remains an
open question whether seasonal change in photoperiod can
be used to enforce seasonality in mammals in the deep
tropics, or whether selection has favored the use of alter-
native predictive cues The current study on A geoffroyi
provides the first test of potential entraining cues in a deep
tropical mammal whose scasonality is regulated by an en-
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dogenous circannual rhythm, and it shows that the entrain-
ing cue apparently is something other than photoperiod.
The significance of this observation lies in the implication
that effective seasonal timing can be achieved in the tropics
through the use of a nonphotoperiodic predictive cue
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