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Abstract Flower-visiting bats encounter nectars that vary

in both sugar composition and concentration. Because in

the new world, the nectars of bat-pollinated flowers tend to

be dominated by hexoses, we predicted that at equicaloric

concentrations, bats would ingest higher volumes of hex-

oses than sucrose-containing nectars. We investigated the

intake response of three species of Neotropical bats, Lep-

tonycteris curasoae, Glossophaga soricina and Artibeus

jamaicensis, to sugar solutions of varying concentrations

(292, 438, 584, 730, 876, and 1,022 mmol L-1) consisting

of either sucrose or 1:1 mixtures of glucose and fructose

solutions. Bats did not show differences in their intake

response to sucrose and 1:1 glucose–fructose solutions,

indicating that digestion and absorption in bat intestines are

designed under the principle of symmorphosis, in which no

step is more limiting than the other. Our results also sug-

gest that, on the basis of energy intake, bats should not

prefer hexoses over sucrose. We used a mathematical

model that uses the rate of sucrose hydrolysis measured in

vitro and the small intestinal volume of bats to predict the

rate of nectar intake as a function of sugar concentration.

The model was a good predictor of the intake responses of

L. curasoae and G. soricina, but not of A. jamaicensis.

Keywords Bats � Digestive modeling � Intake response �
Nectar � Sucrose hydrolysis

Abbreviations

DM Change in mass

Csf Final concentration

V0 Food intake

Cs0 Initial concentration

Km Michaelis–Menten constant

Smax Rate of hydrolysis

-rs Sucrose hydrolysis

SI Sugar intake

s Transit time

G Volume of small intestine

Introduction

The behavioural response of animals to foods that vary in

energy concentration has been described in a variety of

animals, ranging from insects (Slansky and Wheeler 1992;

Josens et al. 1998) to large mammals (Spiegel 1973;

Hansen et al. 1981). Typically, animals decrease intake as

the concentration of assimilable energy in food increases

(Montgomery and Bumgardt 1965; Slansky and Wheeler

1992). Castle and Wunder (1995) named the reciprocal

relationship between intake and energy content ‘‘intake

response’’.

Communicated by G. Heldmaier.

J. Ayala-Berdon � J. E. Schondube (&) �
K. E. Stoner � N. Rodriguez-Peña

Centro de Investigaciónes en Ecosistemas, Universidad Nacional
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The intake response has been well studied in nectar-

feeding birds (Collins 1981; López-Calleja et al. 1997;

McWhorter and Martı́nez del Rı́o 2000; Schondube

and Martı́nez del Rı́o 2003). In these animals, intake

decreases as a power function of sugar concentration

[intake = a(concentration)b; where b \ 0 (McWhorter and

Martı́nez del Rı́o 2000)]. Although less well known in bats,

three recent studies, one on an old-world bat (Rousettus

aegyptiacus; Korine et al. 2004), and two on the New

World bat Glossophaga soricina (Helversen and Winter

2003; Ramı́rez et al. 2005) suggest that the responses of

nectar-feeding bats to sugar concentration in food are

similar to those of nectar-feeding birds.

The power function relating intake with sugar concen-

tration, has two non-exclusive explanations (Martı́nez del

Rio et al. 2001). One is that nectar-feeding animals simply

vary ingestion to maintain a constant sugar intake. In this

compensatory feeding scenario, the exponent of the power

function equals -1 (Montgomery and Bumgardt 1965;

Slansky and Wheeler 1992), implying that sugar intake

remains constant as concentration varies. Helversen and

Winter (2003) reported that the bat G. soricina was able to

achieve compensatory feeding, maintaining a constant

energy intake of 48 kJ day-1, by increasing food intake

when its food concentration decreased from 876 to

292 mmol L-1 (sucrose equivalents). The alternative

explanation to compensatory feeding is that a physiological

process constrains food-intake (Levey and Martı́nez del

Rı́o 1999; Martı́nez del Rı́o et al. 2001). If nectar-feeding

animals are physiologically limited to achieve compensa-

tory feeding, the exponent of the power function will be

smaller than -1, implying that sugar intake increases with

concentration.

McWhorter and Martı́nez del Rio (2000) constructed a

mathematical model that predicts nectar intake from data

on the kinetics of sucrose hydrolysis and the morpho-

logical characteristics of the small intestine. This model

accurately predicts the relationship between intake and

concentration in the broad-tailed hummingbird, Selas-

phorus platycercus. In contrast with the compensatory

feeding explanation, the power function resulting from

McWorther and Martı́nez del Rio’s model has an expo-

nent of -0.7. An exponent with such a value leads to a

positive relationship between total sucrose intake and

sugar concentration in food. Ramı́rez et al. (2005) applied

the model to the nectar-feeding bat, G. soricina, under

laboratory conditions and found that it describes the

observed intake response of this species adequately. The

exponent of the intake response power function in these

bats was -0.52, indicating that the bats were physiolog-

ically limited to ingest food while feeding on sucrose

solutions. Ramı́rez et al. (2005) hypothesized that sucrose

digestion may be the limiting step shaping the intake

response of this species.

In this paper, we explored how bats modulate their

nightly food intake in response to food of various con-

centrations and sugar compositions. Specifically, we

investigated the role that sucrose digestion has over the

intake responses of three Neotropical bat species in the

family Phyllostomidae: Leptonycteris curasoae, G. sorici-

na, and Artibeus jamaicensis. We measured the intake

responses of bats to food containing various concentrations

of sucrose or 1:1 mixtures of glucose–fructose. We

expected bats to be like some passerine birds in which

sucrose hydrolysis is more limiting than hexose uptake

(Nicolson 2001; Nicolson and Fleming 2003; Schondube

and Martı́nez del Rio 2003), and hence that these animals

would ingest more hexoses than sucrose if food contains

the same caloric concentration. We use published data on

the rate of sucrose hydrolysis and the small intestinal

volume of bats (Hernández and Martı́nez del Rio 1992;

Schondube et al. 2001) to examine whether the model

predicts the bats’ intake response accurately.

Materials and methods

Study site

The study was conducted in the Chamela Biological Sta-

tion (19�220–19�350N, 104�560–105�030W) located in the

coast of Jalisco, Mexico. Vegetation is dominated by

lowland deciduous forest with small patches of riparian

forest Bullock (1995). The climate is tropical subhumid

with a marked dry season. The warmest part of the year is

from June to September and the coldest months are from

January to March (Garcı́a-Oliva et al. 2002). Nectar con-

centration found in the species visited by bats at the study

site varied from 3 to 33% (Rodriguez-Peña et al. 2007).

Bat care and housing

Adult, non-reproductive individuals of the three species

were captured using mist nets and transferred to a room

temperature laboratory where they were maintained in

colonies in cages (0.6 9 0.6 9 0.6 m). Bats were fed on

the maintenance diet described by Mirón (2005) that

offered 22.2% sucrose and 4.4% of protein. This diet was

supplemented with NEKTON-Plus�. Individuals were

marked on the forearm with a numbered band and weighed

daily at the beginning and end of each feeding trial using

an electronic balance (0.01 g precision). Captive bats

maintained mass for the duration of the experiments and
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were released at their capture site when experiments were

finished.

Intake responses

We measured nightly food intake (g 10 h-1) of individ-

ual bats in outdoor enclosures (2 9 4 9 1.6 m) placed

within the forest where bats could forage freely. During

each feeding trial, we offered a solution of sucrose or a

1:1 mixture of glucose–fructose from 2000 hours to 0600

hours. Six individuals were used for each of the three bat

species for a total of 18 bats. Each bat was offered seven

solutions of sucrose and seven solutions of glucose–

fructose. In our experiments, each bat of the three spe-

cies was confronted to the seven concentrations of

sucrose and hexoses, one per day, for a total of 84 trials

for each species. The sugar concentrations of these

solutions were 146, 292, 438, 584, 730, 876, and

1,022 mmol L-1. We defined our concentrations based

on the natural range of concentrations found in the nectar

of bat-pollinated flowers at our study site (Rodriguez-

Peña et al. 2007) and previous work conducted with

G. soricina (Helversen and Winter 2003; Ramı́rez et al.

2005). Because the sucrose molecule mass (1 mole =

342.3 g) is not exactly the double of the molecular

weight of glucose and fructose (for each 1 mole =

180.2 g), solutions of these sugars made on a weight/

weight basis are not equicaloric. Sucrose solutions con-

tain 5% more energy than a glucose–fructose solution.

To avoid this problem, we made our solutions in sucrose

equivalents. To do so, we used the molecular weight for

both, sucrose and hexoses, and balanced the solutions

following Fleming et al. (2004). We offered individual

bats each of the concentrations in a random order. We

weighed solutions at the beginning and end of each

feeding trial to quantify food intake (electronic balance

0.01 g precision). Because experimental solutions lacked

nitrogen sources, our experiments consisted of three

nights of experiments per day of resting. During the

‘‘resting day’’ bats received the maintenance diet. Each

night we placed a feeder full of each concentration

outside the flight cages to control for evaporation and

changes in concentration. These feeders were covered

with a mosquito mesh, to avoid insects and other noc-

turnal animals from drinking from them. Control feeders

were weighed at the beginning and end of each trial, and

the concentration of the solution was measured using a

hand-held refractometer (Reichert 10431 0–50�compen-

sated Brix temperature, Leica, Buffalo NY, USA) to

account for changes in concentration. No changes in

volume or concentration were observed in our control

feeders.

Model and data analysis

We estimated the slopes and intercepts of the relationships

between food intake and concentration with least squares

regression analysis on the log-transformed data of each

individual bat. We compared the slopes and intercepts of

the intake responses of the sucrose, and the glucose–fruc-

tose diets with a paired t test. We compared the value of the

intake responses’ exponents to the -1 value expected from

the compensatory feeding expectation using a one-sample

t test. In addition, we calculated the change in mass

(DM, in g) experienced by the bats by weighing them at the

beginning and the end of each trial. We expected DM

to correlate positively with their sugar intake (SI, in

g 10 h-1). To test this conjecture, we correlated

DM against the SI of each bat with Spearman’s rank

correlation (rs) and tested whether the average rs was sig-

nificantly greater than 0 using a t test. This procedure is

appropriate because it avoids the pseudoreplication that

one would incur when estimating rs for pooled data. The

average rs values for a sample of bats satisfy the central

limit theorem and hence one can make inferences about

whether they are positive or negative (Stuart and Odd

1994). Additionally, we compared our results with intake

predictions from McWhorter and Martı́nez del Rio’s (2000)

model. This model assumes that the intestine is analogous

to a chemical reactor, in which sucrose hydrolysis (-rs)

follows Michaelis–Menten kinetics:

�rs ¼
SmaxCs

Km þ Cs

; ð1Þ

where Smax is the rate of hydrolysis along the intestine

(lmol min-1 lL-1), Km is sucrase’s Michaelis–Menten

constant (lmol lL-1), and Cs is the concentration of

sucrose (lmol lL-1) along the intestine. The time (s)

required to reduce the initial concentration of sucrose (Cs0)

to a given final value (Csf) can then be integrated from

Eq. 1 to:

s ¼ KmlnðCs0=CsfÞ þ ðCs0 � CsfÞ
Smax

; ð2Þ

Intake rate (V0 in lL min-1), can then be estimated using

the volume of the small intestine G (in lL) as:

V0 ¼
G

t
: ð3Þ

The parameters that we used to fit the model and the

sources from which we obtained them are presented in

Table 1. To compare observed intake of sucrose solutions

with those predicted from the model, we used the coeffi-

cient of determination as a descriptor of goodness of fit

(Anderson-Spechel 1994). We compared this coefficient of

determination with that of a power function fitted to the
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same data set using a non-linear regression routine (JMP

5.1� 2003).

Results

Does the intake response to sucrose solutions differ

from that of hexose mixtures?

The three bat species decreased intake as sugar concen-

tration increased and the relationship between food intake

and sugar concentration was well described by power

functions (Table 2, Fig. 1). The response of bats to sucrose

solutions did not differ from their response to hexose

mixtures. We found that the intercepts and slopes of these

relationships did not differ (Table 2). The exponent of the

functions relating intake with concentration was in all cases

significantly different from -1 (Table 2). Sugar intake

increased significantly with sugar concentration in food for

the nectarivores L. curasoae and G. soricina (Fig. 2; rs =

0.83 ± 0.04 SE and 0.67 ± 0.04, respectively, t5 [ 17.40,

P \ 0.001); however, in the frugivore A. jamaicensis,

sugar intake and sugar concentration in food were not

significantly correlated (average rs = 0.386 ± 0.16 SE,

t5 = 2.41, P = 0.061). The average Spearman-rank coeffi-

cient of correlation between SI and DM was significantly

different from 0 for L. curasoae (average rs = 0.350 ±

0.08 SE, t5 = 4.03, P = 0.020), G. soricina (average rs =

0.210 ± 0.06 SE, t5 = 3.35, P = 0.015), and A. jamaicen-

sis (average rs = 0.580 ± 0.12 SE, t5 = 4.68, P = 0.005).

However, the positive relationship between SI and DM in

the three species were variable and weak (Fig. 3).

Does the model accurately predict the bat’s intake

response?

The model described the shape of the relationship between

intake and sucrose concentration in L. curasoae

(r2 = 0.539) and G. soricina (r2 = 0.673) well. However,

the model underestimated intake in L. curasoae and over-

estimated it slightly in G. soricina (Fig. 4a, b). The power

functions estimated by non-linear regression provided

better fits to the data than the model (r2 = 0.861 and

r2 = 0.837 for L. curasoae and G. soricina, respectively).

In the case of A. jamaicensis, the model greatly overesti-

mated intake (Fig. 4c). The residual sum of squares was

much larger than the total sum of squares, yielding a

negative value for r2. This result implies a very poor fit of

the model to the data. Indeed, it implies that the mean

intake at all concentrations is a better descriptor of the

relationship between intake and concentration than the

model (Anderson-Sprechel 1994). A power function fitted

using non-linear regression fitted the data well (r2 = 0.69,

Fig. 4c).

Discussion

The three species of bats we studied had intake responses

similar to those that have been observed in bats (Korine

Table 1 Parameters used to fit the McWorther and Martı́nez del

Rio’s (2000) model

L. curasoae G. soricina A. jamaicensis

aSmax (lmol min-1 lL-1) 0.049 0.115 0.055
aKm (lmol lL-1) 0.052 0.044 0.059
bCsf 0.009 0.009 0.009
aG (lL) 0.750 0.304 2.320

Smax rate of hydrolysis along the intestine, Km sucrase Michaelis–

Menten constant, Csf final concentration of sucrose after digestion,

G volume of the intestine
a From Schondube et al. (2001)
b We measured the digestion efficiency by quantifying the sugar

content in the excreta of bats feeding exclusively on sugar solutions

with a hand-held refractometer (Accuracy; Reichert 10431 0–50�Brix

temperature compensated, Leica, Buffalo NY, USA; Schondube and

Martı́nez del Rio 2003). Because solutes other than sugars bias

refractometer readings (Hiebert and Calder 1983; Inouye et al. 1980),

our measurements of sugar concentration in excreta were used only to

generate a relative measurement of digestion efficiency

Table 2 Intake responses to sucrose and hexose mixtures with their

respective exponents, intercepts, and coefficients of determination

Exponent ± SE aIntercept ± SE r2

G. soricina

S -0.76* ± 0.064 3.40 ± 0.180 0.94 ± 0.020

G:F -0.75* ± 0.076 3.38 ± 0.090 0.92 ± 0.020

t test 0.18 0.08 0.55

P 0.86 0.93 0.60

L. curasoae

S -0.61* ± 0.040 3.24 ± 0.110 0.9 ± 0.030

G:F -0.62* ± 0.026 3.22 ± 0.090 0.96 ± 0.020

t test 0.19 0.28 1.76

P 0.86 0.80 0.15

A. jamaicensis

S -0.70* ± 0.079 3.46 ± 0.234 0.85 ± 0.050

G:F -0.77* ± 0.078 3.57 ± 0.217 0.85 ± 0.039

t test 0.65 0.38 0.05

P 0.54 0.71 0.96

S sucrose, G:F glucose–fructose

* Mean exponent was significantly higher than -1 (t [ 2.95,

P \ 0.005)
a This intercept equals Log(a) in the equation log(intake) =

Log(a) + bLog(concentration)
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et al. 2004; Ramı́rez et al. 2005) and birds (Martı́nez del

Rio et al. 2001; McWhorter and Lopez-Calleja 2000 among

others). Furthermore there were no differences in the intake

between sucrose and the 1:1 glucose–fructose solutions.

The exponents of the intake responses for the three species

of bats were different from -1, showing that sugar intake is

positively correlated with sugar concentration (Levey and

Martı́nez del Rio 1999; Martı́nez del Rı́o et al. 2001). Here,

we first discuss the potential prevalence of intake responses

among nectar-feeding vertebrates and the consequences of

this prevalence for osmoregulation in nectar and fruit-eat-

ing bats. Next, we consider the implications of no

differences in the intake response of bats to sucrose and

hexose solutions for the interaction between bats and the

plants that they pollinate. Finally, we evaluate the role that

digestive processes, like sucrose hydrolysis and hexose

transport, have over the food intake of bats.

The osmoregulatory consequences of the prevalence

of intake responses among nectar-feeding vertebrates

Our results demonstrate that three Neotropical bat species,

with different levels of dietary specialization for nectar,

show intake responses similar to those found in other

nectar and fruit-eating animals. The intake responses of

L. curasoae, G. soricina, and A. jamaicensis were similar

to those reported for nectar and fruit-eating bats in the past

(Thomas 1984; Helversen and Winter 2003; Korine et al.

2004; Ramı́rez et al. 2005). As in these studies, we found

that bats respond to sugar concentration in food in the same

fashion as birds do. We suggest that their response prob-

ably leads to the same consequences observed in birds. For

example, Bakken et al. (2004) and McWhorter et al. (2004)

found that intake responses in birds lead to very high water

ingestion rates at low sugar concentrations. Similarly at

low concentrations, L. curasoae and G. soricina ingested

from 1.0 to 3.5 and 1 to 5 times, respectively, of their body

mass in water (Fig. 1).

Bakken et al. (2004) identified the osmoregulatory

quandary faced by hummingbirds. When feeding, these

birds must dispose of ingested water rapidly. However,

while they are fasting, hummingbirds must conserve water.

This predicament is aggravated by the apparent inability of

hummingbirds to concentrate urine (Lotz and Martı́nez del

Rı́o 2004). Our intake response results suggest that nectar-

feeding bats probably share this osmoregulatory dilemma

with hummingbirds. They ingest, and must dispose of large

amounts of water when they are feeding. Like humming-

birds, the kidneys of nectar and fruit-eating bats seem

better suited to dispose of water and to recover electrolytes

than to concentrate urine (Studier and Wilson 1983; Her-

rera et al. 2001; Schondube et al. 2001). The rate at which

bat kidneys can get rid of absorbed water when feeding at

Glossophaga soricinaLeptonycteris curasoae Artibeus jamaicensis
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Fig. 1 Intake response of the three species of phyllostomid bats. The

axes are logarithmic, and a different symbol and a different regression

line represent each individual. The heavy line is the common

regression line obtained from the average of all intercepts and slopes.

Closed symbols represent sucrose whereas open symbols represent

hexoses
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Fig. 2 Sugar intake increased significantly with sugar concentration

in food for L. curasoae and G. soricina but not in A. jamaicensis.

Closed symbols represent sucrose whereas open symbols represent

hexoses. Both sucrose and hexose solutions had the same concentra-

tion; however, in order to avoid data point overlapping, we dislodge

the open symbols to the right by 2 mm
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dilute nectar could limit their capacity to ingest additional

water, possibly affecting food ingestion. The mechanisms

used by bats to resolve the osmoregulatory predicament

posed by intake responses are unknown and need to be

explored.

The intake responses of bats did not differ between

sugar types

Bats’ intake responses to sucrose and hexoses were indis-

tinguishable. This implies that for equicaloric

concentrations, bats ingested the same amount of energy of

glucose and fructose than of sucrose. Our results are sup-

ported by the findings of Voight and Speakman (2007) in

the bat, G. soricina. They found that the rates of fractional

incorporation of dietary sugars into the pool of metabolized

substrates did not differ among sucrose, glucose, and

fructose. The results we report, and the findings by Voight

and Speakman (2007), are surprising on two accounts.

First, the New World nectar-pollinated flowers secrete

primarily hexose-dominated nectars (Pyke and Waser

1981; Baker and Baker 1983; Baker et al. 1998). Second,

Herrera (1999) found that nectar-feeding bats preferred

sucrose to equicaloric hexose solutions. Our results suggest

that bats should be indifferent to sugar composition,

because both the sucrose and hexose solutions have the

same energetic value for them. One possible explanation is

that bats are using cues other than energy intake, such as

taste, when they make choices between different sugar

solutions (Herrera 1999; Herrera et al. 2000). The prefer-

ences of bats for different sugars and the reasons that

explain the prevalence of hexose-dominated nectars among

New-world bat-pollinated plants remain unexplained.

Is food intake constrained in bats?

In all cases, the exponents of the intake responses were

higher than -1 (Table 2). This exponent implies a positive

correlation between sugar/energy intake and the sugar

concentration of ingested food, and for this reason it has

been interpreted as evidence of feeding constrained by one

or many physiological processes (McWorther and Martı́nez

Fig. 3 Mass change (DM, in g) increased as a function of sugar intake

(SI, in g 10 h-1). DM was calculated by weighting the bats at the

beginning and the end of each feeding trial. In the three species, the

average Spearman-rank correlation coefficient was significantly dif-

ferent from 0. Individuals are represented by different symbols. Closed
symbols represent sucrose whereas open symbols represent hexoses

c
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del Rı́o 2000). The existence of a constraint is further

supported by the positive correlation between sugar intake

and sugar concentration. Similar results were reported for

G. soricina by Roces et al. (1993). In compensatory feed-

ers, energy intake remains relatively constant across

concentrations (Lopez-Calleja et al. 1997; Martı́nez del Rı́o

et al. 2001; Helversen and Winter 2003). Ramı́rez et al.

(2005) suggested that sucrose hydrolysis might be the

process that constrains intake in G. soricina. However, we

found that there were no differences in the bats’ intake

response to glucose and fructose. This result is similar to

that reported by Schondube and Martı́nez del Rı́o (2003) in

magnificent hummingbirds (Eugenes fulgens). The absence

of a difference in the response of bats to sucrose and

hexose solutions suggests that neither sucrose hydrolysis

nor the uptake of hexoses is limiting. Sugar digestion and

absorption in bat intestines seem to be designed according

to the principle of symmorphosis, which postulates that

physiological processes in series are designed so that no

step is more limiting than others (Weibel 2000). Similar

results have been found for several species of nectar-

feeding birds, including hummingbirds (López Calleja

et al. 1997; McWhorter and López-Calleja 2000; McW-

horter and Martı́nez del Rio 2000; Martı́nez del Rio et al.

2001; Schondube and Martı́nez del Rio 2003; Fleming

et al. 2004) and sunbirds (Fleming et al. 2004).

Although, the intake responses of the three species were

qualitatively similar, there were some interesting differ-

ences. These differences are best highlighted by

considering how well McWhorter and Martı́nez del Rio’s

(2000) model described the intake responses of bats. The

model performed very poorly for the frugivore A. jamaic-

ensis. These bats appear to ingest much less food than their

intestines are capable of processing. Indeed, when all trials

are considered, A. jamaicensis was the only species to

maintain neutral mass (DM = 0.48 g ± 0.75 SD, t = 1.80,

P [ 0.05). Both of the nectarivores, G. soricina (DM =

0.59 g ± 0.75 SD, t = 6.7, P \ 0.001) and L. curasoae

(DM = 1.7 g ± 0.62 SD, t = 22.8, P \ 0.001) gained mass

in these trials. Intake response studies in nectar-feeding

birds emphasize potential post-ingestional constraints on

feeding. Since A. jamaicensis is a frugivore that only

ingests nectar occasionally, its oral morphology is better

suited to chew fruit than to lap nectar (Ortega and Castro-

Arellano 2001). We hypothesize that the intake response of

A. jamaicensis was constrained more by pre-ingestional

than by post-ingestional factors (Paton and Collins 1989;

Mitchell and Paton 1990.

Both Helversen and Winter (2003) and Ramı́rez et al.

(2005) measured the intake response of G. soricina. While

Helversen and Winter found that bats were able to maintain

a constant daily energy intake under laboratory conditions,

Ramı́rez et al. (2005) reported that G. soricina was unable

to perform compensatory feeding. Our experiments support

the last result. Even if we exclude the intake values from the

lowest concentration (146 mmol L-1), at which bats

ingested large amounts of diluted nectar, our results indicate

that bats were unable to maintain compensatory feeding

(mean exponent ± SE = -0.85 ± 0.03; -0.76 ± 0.03,

Fig. 4 Predictions generated by McWorther and Martı́nez del Rio’s

model (2000) are shown as a dashed line. A power function fitted with

a non-linear square routine is represented with the solid line. The grey
area represents the range of values predicted by the model when

sugar assimilation is varied from from 0.998 (from Winter 1998) to

0.991 (data obtained from bats’ excreta). Data are only for the intake

response of bats to sucrose solutions
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and -0.70 ± 0.07, for G. soricina, L. curasoae, and A.

jamaicensis, respectively; all values statistically different

from -1, P \ 0.03 for all cases). Ramı́rez et al. (2005)

found that G. soricina had an exponent of -0.52, higher

than the one we found (-0.76), and that bats ingested

significantly less food per hour than in our experiments.

One possible explanation for differences among the three

studies is the use of different experimental designs. Hel-

versen and Winter (2003) conducted their experiments in

large flying cages, controlling temperature, relative

humidity, and availability of food per visit. Ramı́rez et al.

(2005) also conducted their experiments under controlled

temperature and humidity, but used small cages

(0.2 9 0.18 9 0.18 m) that did not allow flying, and

offered the bats an unlimited amount of food. Our experi-

ments were conducted under natural conditions (in the

forest) within medium size cages (2 9 2 9 1.6 m) that

allowed flying and ad libitum food. We suspect that the

differences between the environmental and space condi-

tions among the three studies lead to the different results.

The constant temperature and relative humidity in Helver-

sen and Winter’s (2003) experiment could have reduced the

variation in energy expenditures and the evapotranspiration

of the bats. While in the Ramı́rez et al. experiment, the

reduction of exercise due to the use of small cages could

have lessened the metabolic expenditures causing a

decrease in intake with respect to our data. Our experiments

confronted bats with large natural changes in temperature.

Nighttime temperatures during the experiments at our study

site in February varied from 25�C at sunset to a minimum of

15�C at 0200 hours (Estación de Biologı́a Chamela,

unpublished data). These values are below the thermo

neutral zone of some nectar-feeding phyllostomid bats

(30–35�C; Cruz-Neto and Abe 1997). A 10�C reduction in

ambient temperature, which is similar to the nightly tem-

perature change experienced by our bats, could double their

oxygen consumption (Cruz-Neto and Abe 1997). Under

these conditions bats could become physiologically limited

to maintain a constant influx of energy when feeding at a

large range of sugar concentrations.

We found that McWhorter and Martı́nez del Rio’s

model (2000) explained 53 and 67% of the variation in

intake response for L. curasoae and G. soricina, respec-

tively. Although, power functions described the data better

than this model (Fig. 4a, b), the adequate fit of the model is

remarkable. It is more remarkable given that the enzyme

and morphology data that we used to fit the model was

obtained from the literature (Hernandez and Martı́nez del

Rı́o 1992; Schondube et al. 2001), and represents a dif-

ferent set of individuals. In addition, we used Winter’s

assimilation efficiency (1998) data to test the model sen-

sitivity to variation in this parameter. A relatively small

decrease in sugar assimilation efficiency from 0.998

(Winter 1998) to 0.991 (data obtained from bats’ excreta),

leads to a large change (17%) in intake at the lowest

concentration (Fig. 4). We suggest that the model could

describe accurately the intake responses of bats, but ideally

its parameters must be drawn from the same population of

bats in which the intake response is measured.

Both our experimental results and the predictions from the

model indicate that both sucrose digestion and the uptake of

hexoses can limit the food intake of nectar-feeding bats.

These bats have high sucrose digestion rates that seem to be

coupled with high transport rates of glucose and fructose. We

speculate that food intake is not limited by a single factor but

potentially by many steps along the digestion to catabolism

pathway. The high water intakes of bats at the lowest sugar

concentrations also lead us to speculate that getting rid of

excess absorbed water may represent a problem to these

animals. Limitations to food intake, while feeding on nectar,

in fruit- and nectar-feeding bats, seem to be caused by both

pre- and post-ingestional factors, such as mouth and tongue

morphology in the fruit-eating bat A. jamaicensis, and

digestive, osmoregulatory, and metabolic processes in

L. curasoae and G. soricina. The existence of physiological

limitations that prevent leaf-nosed bats from achieving

compensatory feeding could have fitness effects on them,

when they face dilute-diets and/or high energetic demands,

like cold weather, lactation, or migratory demands.
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